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Abstract

Over the last three decades, Illinois-
American Water Company (IL-AWC)
personnel have observed progressive
decreases in the specific capacities of
most of the company’s high-capacity
wells screened in the Mahomet aqui-
fer at Champaign, Illinois. Based on a
preliminary study, Illinois State Geo-
logical Survey investigators hypothe-
sized that the loss of specific capacity
was largely due to calcite precipitat-
ing adjacent to the wells as a result

of decreased hydrostatic pressure
around the wells and a concomitant
loss of CO, caused by outgassing.

To test this hypothesis, a high-capac-
ity well (IL-AWC well NIWC 57) was
extensively analyzed. Well NIWC 57
has been in operation since 1964, has
a pumping rate of 2.68 million gallons
per day, and has experienced a loss

of 76% of its total specific capacity.
Two boreholes were drilled to bedrock
near well NIWC 57 using the rotasonic
technique, which requires only a lim-
ited use of drilling fluids. Drill cores
collected from the surface down to
and into bedrock were examined in
the field and in the laboratory using
avariety of physical, chemical, and
biological techniques. Two moni-
toring wells were installed in each
completed borehole. Groundwater
samples were collected from NIWC 57,
two other production wells, and the

two new monitoring wells. Addition-
ally, suspended solids entrained in
the water of the high-capacity wells
were trapped on a 0.5-um filter for
examination by scanning electron
microscopy.

Several factors were potentially
responsible for the loss of specific
capacity in the production wells.
Examination of the materials retained
in the filters showed that calcite, in
the form of euhedral crystals that
were about 5 um in diameter, was
precipitating in close proximity to

the wells. X-ray diffraction results
showed that the sand and gravel from
the borehole closest to the production
well was enriched in clay minerals
relative to the borehole farther away.
Clay minerals, clay-size particles,

and larger mineral fragments of the
same composition as those constitut-
ing the aquifer (particles up to 100
um in diameter) were found to have
been transported within the aqui-

fer and were discharged from the
wells during pumping. Analysis of
suspended materials retained by the
filters also revealed the presence of
iron-depositing bacteria and biofilm
fragments. The size and abundance of
detrital mineral fragments and bac-
terially derived materials (e.g., tuber-
cles) found on the filters appeared to
be correlated to the pumping rate.
That is, the greater the pumping rate,

the larger and more abundant were
the detrital materials and bacterial
debris collected on the filters.

Based on the available evidence,

the following conceptual model was
proposed: iron-depositing bacteria
produced biofilms on the well screens
(probably within the gravel pack and
possibly within the adjacent aquifer)
that entrapped transported mineral
fragments, clay minerals, and newly
precipitated calcite crystals. These
three components apparently com-
bined to produce an insoluble scale
on the well screen and potentially in
the gravel pack and adjacent aquifer.
The model suggests that this process
was responsible for the decreased
specific capacity of the production
wells in the western well field of
Champaign, Illinois.

The study results suggest that this
type of plugging might be a likely
cause of decreases in the specific
capacity of other production wells
screened in the Mahomet aquifer in
east-central Illinois and other bed-
rock valley aquifers of the Midwest.
Inspection of the screens with a
downhole camera and collection and
analyses of samples of encrustation, if
present, could yield valuable informa-
tion as to the nature of the encrusta-
tion. This information could be used
to identify appropriate, commercially
available remediation techniques.

Introduction

Specific capacity expresses the pro-
ductivity and efficiency of a well and
is defined as the pumping rate in gal-
lons per minute (gpm) divided by the
drawdown in feet. Decreases in the
specific capacity can force an opera-
tor to abandon a production well.
Because a high-capacity well typi-
cally costs hundreds of thousands of
dollars to drill and put into service,

a significant loss of specific capacity
during the life of a well is an impor-
tant physical and economic problem.
Factors leading to the loss of specific
capacity (other than mechanical
problems with the pump) include
hydraulic influences and reduced
porosity of the well screen and/or
gravel pack as a result of biological,

chemical, and/or physical processes
(Borch et al. 1993). The processes
often result in the encrustation of
deposits of organic and/or inorganic
materials on the well screen, in the
gravel pack, and/or in the adjacent
aquifer (Johnson Division 1982).

Illinois-American Water Company’s
(IL-AWC) western well field in Cham-
paign, Illinois, includes 12 production
wells that have individual pumping
capacities ranging from 1.55 to 3.44

x 10° gallons per day. These wells
supply water to Champaign, Urbana,
and surrounding communities, and
most have lost specific capacity since
the wells were first constructed (fig.
1). The wells averaged a 1.22% loss

of specific capacity per year, but the
total annual changes range from an

increase of 4.17% to a decrease of
4.10%. An evaluation of data available
from IL-AWC showed that physical
hydraulic interferences at the wells
and in the well field had little effect on
the observed losses.

Preliminary geochemical studies of
selected production wells (Mehnert
et al. 1999) suggested that carbon-
ate and iron minerals could be pre-
cipitating within the aquifer and
reducing the porosity and hydraulic
conductivity within 100 feet of each
affected well. The authors hypoth-
esized that precipitation of these
minerals from groundwater could
be associated with outgassing of CO,
caused by the reduction in hydro-
static pressure in the aquifer adjacent
to the well resulting from pumping.

Illinois State Geological Survey
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Figure 1 Changes in spe-
cific capacities (pumping
rate in gallons per minute

Specific Capacity (gpm/ft)

(gpm) divided by drawdown
in feet) of production wells
of the western well field over
the past 30 years. The num-
bers to the right of the figure
indicate the IL-AWC well
numbers. Specific capacity
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This process could be exacerbated by
the presence of dissolved methane
gas in the groundwater. Other mecha-
nisms explored by Mehnert et al.
(1999) included hydraulic factors such
as well interference, entrance veloci-
ties exceeding the optimum of 6 feet
per minute (Driscoll 1986), and bio-
fouling resulting from the growth of
iron-depositing bacteria on and near
the well screens.

Objectives

Given the results of the earlier study
(Mehnert et al. 1999), this present
investigation focused on the potential
for loss of specific capacity result-

ing from secondary mineralization,
physical plugging by transported

clay and other minerals, and/or bio-
film development on the well screen
within the gravel pack and within the
pore spaces of the Mahomet aquifer.
A high-capacity well, NIWC 57, was
selected for study. Well NIWC 57 has
been in operation since 1964, has an
operating pumping rate of 2.68 x 10°
gallons per day, and has lost 76% of
its original specific capacity. Aqui-

fer materials and groundwater were
closely examined for evidence of
physical, chemical, and biological fac-
tors that could be responsible for the
loss of specific capacity in the produc-
tion wells.

01/01/76

01/01/82 01/01/88

01/01/79 01/01/85 01/01/91

Geology and Hydrogeology
of the Study Area

As water use in the midwestern
United States has increased in recent
years, reliance on local and regional
aquifers has increased. Glacial drift
aquifers are extensive and offer a
prolific source of fresh water for many
parts of the midwestern and eastern
United States. One such aquifer, the
Mahomet aquifer, was deposited in
aroughly east-west-trending buried
bedrock valley in east-central Illinois
and western Indiana that was once
thought to be part of the larger Teays
drainage system. Studies have found,
however, that the Teays is not a single,
coherent drainage system (e.g., Mel-
horn and Kempton 1991a, 1991b).

The Mahomet Sand Member is com-
posed of sand and gravel deposited as
glacial outwash within the confines
of the Mahomet Bedrock Valley. The
outwash was subsequently buried by
tills deposited during later Pleistocene
continental glaciations (fig. 2). Mel-
horn and Kempton (1991a) reviewed
the geology and hydrogeology of

the Teays-Mahomet Bedrock Valley
System, which is summarized here.

The Mahomet Bedrock Valley, which
was incised in bedrock, is now buried
beneath 300 or more feet of Pleisto-
cene glacial drift. Using the 500-foot
elevation contour to define its upper

01/01/94

calculated annually (January
1-December 30). Data are
from the files of the IL-AWC.

limit, the valley ranges in width

from 8 to 11 miles (figs. 3 and 4). The
deepest part of the valley and many
of its tributary channels are filled
with clean sand and gravel that aver-
ages 100 feet thick and, in places, up
to 200 feet thick (figs. 3 and 4). The
Mahomet aquifer, which is generally
coincident with the Mahomet Sand
Member of the Banner Formation, is
overlain by the Glasford Formation.
Sand and gravel outwash deposits
within the Glasford Formation, which
are generally most extensive where
they are associated with the Vanda-
lia Till Member, also constitute an
aquifer that, in the vicinity of the
Mahomet aquifer, is locally impor-
tant. Relatively thin sand deposits in
the Wedron Formation typically occur
at shallow depths and, in some places,
intersect the surface and form springs
or seeps.

Horberg (1953) reported that the
Mahomet aquifer “..sand and gravel
in roughly equal proportions is com-
posed of a wide variety of rocks and
minerals, dominantly of sedimentary
origin. Silty beds occur throughout.
Many horizons are strongly oxidized.”
The sand of the Mahomet Sand
Member is made up predominantly
of quartz, lesser amounts of K-feld-
spar and Ca-Na feldspar (Willman
and Frye 1970), and minor amounts
of translucent heavy minerals that

2 Circular 566
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include (in descending order of abun-
dance) hornblende, garnet, epidote,
and hyperenstatite (Manos 1961).
Carbonate minerals in these sands
are dominated by calcite, which is in
contrast to the overlying sands of the
Glasford aquifer where dolomite is
the dominant carbonate mineral (H.
Glass, ISGS, personal communication
1992).

The hydraulic characteristics of the
Mahomet aquifer have been deter-
mined from pumping tests conducted
on high-capacity wells. Transmissivi-
ties for the Mahomet Sand Member
range from 7 x 107* to 8 x 1072 m?/s;
median hydraulic conductivity is 1.4
x 10 m/s. A potentiometric surface
prepared from historical records of
water levels showed the probable
pre-development groundwater flow
directions and a hydraulic gradient
of approximately 0.0002 (Kempton et
al. 1991). The largest hydraulic heads
were found near the intersection of
northeastern Champaign, northwest-
ern Vermilion, and southern Iroquois
Counties (fig. 4). Groundwater flow
was originally to the north, east, and

southwest from this area prior to the
establishment of large pumping cen-
ters (Kempton et al. 1991).

Earlier workers (e.g., Visocky and
Schicht 1969, Kempton et al. 1982)
assumed that recharge to the
Mahomet aquifer came from the
surface via vertical leakage of pre-
cipitation and snowmelt through the
overlying glacial deposits. However,
an examination of the chemical
composition of the groundwater in
the Mahomet aquifer (Panno et al.
1994) showed geochemically distinct
groundwater regions along several
reaches of the aquifer. The existence
of these distinct regions revealed that
recharge comes at least partly from
bedrock sources in some parts of the
Mahomet aquifer.

Methods

Construction of Drilling and
Monitoring Wells
Two boreholes were drilled near pro-

duction well NIWC 57 using rotasonic
drilling equipment. Rotasonic drilling

Figure 2 Block diagrams showing stages in
the formation of the Mahomet aquifer during
the Pleistocene Epoch. The sand and gravel
outwash from the first glacier (top) filled a
stream valley and was subsequently buried
by 300 or more feet of fine-grained glacial
till laid down by subsequent advancing and
retreating glaciers (bottom).

allows for the recovery of minimally
disturbed and essentially complete
core without the use of drilling fluid,
except to lubricate the outside of the
core barrel during drilling in the
unsaturated zone (Barrow 1994). A
relatively small volume of water may
be used to force the core from the core
barrel during recovery. The drilling
company, Boart Longyear of Scho-
field, Wisconsin, used a rotasonic drill
head mounted on a Gus Pech model
GP24-300RS rig.

The first borehole (NIWC 57-1) (fig. 3),
located approximately 15 feet north-
northeast of NIWC 57, was drilled 3
feet into bedrock to a total depth of
333 feet. The second borehole (NIWC
57-2), located approximately 60 feet
southeast of NIWC 57, was drilled to a
total depth of 310 feet. The rotasonic
drilling method (fig. 6) provided high-
quality core with nearly complete
recovery of the Quaternary materials
underlying this site. The Quaternary
materials included soil, dense glacial
tills, cobbles within the tills, and sand
and gravel. The bedrock was Penn-
sylvanian System shale. Geological

Illinois State Geological Survey
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descriptions of the core samples
were made at the site. All samples for
particle size, microscopy, X-ray dif-
fraction (XRD), isotopic, and bacte-
rial analyses were taken immediately
after the core was extruded from the
core barrel. Half of the drill core from
both boreholes was collected, placed
in core boxes, labeled with borehole
numbers and footages, and stored at

the Illinois State Geological Survey
(ISGS) Geological Samples Library.

In each borehole, a shallow moni-
toring well was completed in the
Glasford aquifer, and a deep well was
completed in the Mahomet aquifer
(fig. 5). The monitoring wells com-
pleted in the Glasford aquifer were
designated NIWC 57-1G and NIWC-2G;

those completed in the Mahomet aqui-
fer were designated NIWC 57-1M and
NIWC 57-2M. The monitoring wells
were constructed from 2-inch diam-
eter, threaded joint, schedule 80 poly-
vinal chloride (PVC) pipe and 2-inch,
10-slot, schedule 80 PVC screens. For
the deep wells, PVC pipe was used
below the screens to set them at the
desired depth. The annulus of each
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Figure 4 Site location map showing
the eastern half of the Mahomet aqui-
fer in lllinois, the lllinois State Water
Survey observation well, the ILLAWC
production well locations, and contours
of the potentiometric surface (modified
from Hackley 2002).

borehole was filled mostly with ben-
tonite grout and sand (natural back-
fill) (fig. 7). Bentonite was used to seal
the annulus between the Mahomet
and Glasford aquifers as well as above
the Glasford aquifer. All of the wells
were completed below grade inside
steel manholes fitted with bolt-on
covers and a rubber seal.

In addition to the samples col-

lected from the two new boreholes, 8
samples of sand and gravel from the
Mahomet Sand Member were col-
lected from archived samples from
the ISGS Geological Samples Library
(NIWC 65 and CHM 96A). NIWC 65

is a production well located about 2
miles north of NIWC 57 (fig. 3) that
was drilled in 1996 using the reverse-
rotary technique. CHM 96A is a moni-
toring well located west of Rantoul,
Ilinois (fig. 4), that was drilled in
1996 by the Illinois State Water Survey
using the forward-rotary technique.
These archived samples provided
additional particle-size and mineral-
ogic information for the investigation.

Description of Core

The drillers operating the rotosonic
drilling equipment used vibration
and water pressure to extrude core
from the core barrel into polyethylene
sleeves. Core lengths ranged from 1 to
10 feet. The plastic-encased core was
transported to a table and

Figure 5 Cross section A—A’ showing
the location of Wedron and Glasford
aquifers overlying the Mahomet aqui-
fer Banner Formation, which almost
completely fills a valley incised into
bedrock. Also shown are the locations
of IL-AWC production wells NIWC 57
and 58, an lllinois State Water Survey
monitoring well, and private wells
(modified from Hackley 2002). Cross
section line is shown on inset regional
map in figure 3.

Illinois State Geological Survey
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Figure 6 Drilling operations with rotasonic drill rig immediately adjacent to the well house for NIWC 57.
Core recovery was almost 100%, and drilling fluids were not used.

examined and described by ISGS geol-
ogists using standard techniques and
terminology. Complete descriptions
of the cores from boreholes NIWC 57-1
and NIWC 57-2 are in the Appendix.

Particle-Size Analysis

The particle-size distributions of
selected samples from the Mahomet
aquifer were measured by the ISGS
Quaternary materials laboratory
using standard-sized sieves. Nineteen
samples from borehole NTWC 57-1
were passed through sieves of the fol-
lowing sizes: 2.0000, 1.0000, 0.5000,
0.2500, 0.1770, 0.1250, 0.0880, 0.0625,
and 0.0370 mm.

Petrographic
Cathodoluminescence
and Microscopy

Petrographic studies using polar-
ized light and cathodoluminescence
microscopy were completed to
examine cements within the sand
and gravel samples collected from
the Wedron, Glasford, and Mahomet
aquifers. Fifty thin sections of sand
and gravel from the two rotasonic

boreholes (42 samples) and from
previously archived samples (8
samples) were prepared by Spectrum
Petrographics of Winston, Oregon,
using standard techniques. Because
the samples consisted of unlithified
sand and gravel, samples first were
impregnated with a clear, heat-resis-
tant epoxy, cemented to a glass slide,
and cut and polished into thin (30-
um) sections. The thin sections were
examined using the petrographic and
cathodoluminescence equipment at
the Geology Department, University
of Illinois, Urbana-Champaign. Meth-
ods are described in more detail by
Fouke and Rakovan (2001).

Petrographic point counts were
completed for 32 of the 50 thin sec-
tions to determine the mineralogic
compositions of the Mahomet and
overlying aquifers. Thin sections were
placed under a petrographic micro-
scope equiped with an adjustable
stage. Approximately 200 points were
counted for each thin section, and the
mineralogy of each grain intersected
was identified as quartz, carbonate
minerals, feldspar, chert, or rock frag-
ments.

Cathodoluminescence was used to
help reveal diagenetic textures and
growth features within the sedimen-
tary rocks not visible using conven-
tional polarized-light petrographic
techniques. Cathodoluminescence is
achieved by bombarding a polished
thin section, under vacuum, with a
controlled electron beam emitted
from a cathode-ray tube. Some of
the energy from the electron beam is
absorbed, some is transmitted, and
some is reflected as X-rays, second-
ary electrons, auger electrons, pho-
nons, and photons. The visible light
portion of this reflected spectrum
constitutes cathodoluminescence
(Machel and Burton 1991). The inten-
sity of the luminescence from the
thin section depends on the amount
and type of impurities present in the
crystal lattices of the minerals. For
example, Mn?* and Cr®* are “activa-
tors” that emit photons in the range
of visible light; Ni?*, Fe?*, and Co**
are “quenchers” that emit energy as
phonons (heat) instead of visible pho-
tons (Machel and Burton 1991). Thus,
materials with relatively high concen-
trations of Fe?", Ni**, and Co?* in the
crystal lattice have low or no lumines-
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NIWC 57
Well Log
Depth (ft)

0
E Topsoil, clay (soft, yellow)

Clay (blue, hard) with sand

and gravel, boulders embedded,
thin streaks of sand and gravel

Fine sand and gravel

Sand (fine to coarse),
gravel, boulders

Clay (sandy, gravelly, blue),
boulders

Sand (fine to coarse),
few clay balls

Sand (fine to coarse),
gravel, boulders

Sand (coarse), gravel,
boulders, some clay show
Clay (hard, gray), boulders

304.5

NIWC 57-1G NIWC 57-2G
and NIWC 57-1M and NIWC 57-2M
Depth (ft) Depth (ft)
0 0

Elevations for NIWC 57
Ground = 752.3 ft
Screen, top = 510.3 ft
Screen, bottom - 445.3 ft

145 143

150 148

—_——
OO
~Noo

224 Pt

o077 bl

297

333

189 RERORE
199

- Bentonite grout

E Well screen

- Bentonite chips
(natural backfill)

Figure 7 Condensed driller’s log for IL-AWC production well NIWC 57 (left) and construction details for monitoring wells

installed at the site (right).

cence. Materials with relatively high
concentrations of Mn?* and Cr** in the
crystal lattice show relatively bright
luminescence.

Scanning Electron
Microscopy

Twenty samples collected from cores
of the sand and gravel of the Banner
and Glasford Formations (from bore-
holes NIWC 57-1 and NIWC 57-2) were
examined using scanning electron
microscopy (SEM). These samples
included bulk sand and gravel, a
sample of the <325-mesh (<44-um)
size fraction, and thin sections of
lithified sand and gravel held together
by blocky calcite cement. An Amray
1830 SEM coupled with a Noran 5500
series II, high-energy dispersive X-ray
system and a VISTA imaging system,

was used. Samples were examined
under a 20-kV electron beam at a dis-
tance of 20 mm. Selected points on
each sample were analyzed using the
high-energy dispersive X-ray system.
The elemental spectrum of a mineral
phase was collected for 30 s, and the
relative abundances of the elements
in the spectrum were used to identify
the minerals.

Other samples selected for SEM and
high-energy dispersive X-ray system
analysis included the samples from
certain horizons in the Mahomet
aquifer from boreholes NTWC 57-1
and NIWC 57-2, and thin sections of
cemented sand nodules from near the
base of borehole NIWC 57-1 and <325-
mesh (<44-um) size fraction from
archival samples of the Mahomet

and Glasford aquifers from boreholes

NIWC 65 and CHM 96A. NIWC 65 is
located about 2 miles from the cluster
of high-capacity wells examined in
this investigation. CHM 96A is located
13 miles from the well field and
would not be subjected to the pos-
sible geochemical effects of pumping
high-capacity wells (fig. 3). Selected
samples were washed through a <325-
mesh (<44-um) screen with deionized
water to separate the fine fraction
from the sand and gravel. The fine
fraction in the wash water was col-
lected, dried at 70°C, and placed in a
Nalgene bottle with 99% ethyl alcohol
as a dispersant. Several milliliters of
the alcohol-sediment mixture were
pipetted onto an aluminum SEM stub
coated with silver conductive paint.
After the alcohol had evaporated, the
samples were sputter coated with
gold-palladium for 120 s.

Illinois State Geological Survey
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Thin sections of sand nodules
cemented with calcite were coated
with carbon in a carbon evaporation
chamber to collect backscattered
electron images that yielded maps of
the distribution of major elements in
the thin sections.

Suspended solids in groundwater
pumped from wells NIWC 55, NIWC
57, and NIWC 58 were trapped on
0.50-um Teflon filters that were 142
mm in diameter. Approximately 130
gallons of water discharged from
each of these three wells were passed
through the filters over a period of
about 5 hours of normal pumping
rates at each well (NIWC 55 at 1,100
gpm, NIWC 57 at 1,700 gpm, and
NIWC 58 at 2,300 gpm). In addition,
suspended solids were collected

from monitoring well NIWC 57-1M

by pumping and filtering the water
through the same type of filter at a
rate of about 5 gpm for 1 hour (fig. 8).
Relatively large volumes of water had
to be passed through the filters to
collect enough material because the
concentration of suspended solids in
the discharging groundwater was very
low. The filters were removed, covered
with aluminum foil, and allowed to
dry in the laboratory. Approximately
one quarter of each filter was cut off,
prepared for SEM analysis using stan-
dard techniques, and examined visu-
ally using SEM and the high-energy
dispersive X-ray (EDX) system.

X-ray Diffraction

The mineralogy of 47 samples from
cuttings retrieved from boreholes
NIWC 57-1, NIWC 57-2, NIWC 65,

and CHM 96A was analyzed using
standard XRD techniques. Two proce-
dures were used to analyze all of the
samples: (1) a smear method for small
quantities of <325-mesh (<44-um)
fine-fraction samples and (2) a bulk
powder method.

All standard operating procedures

for XRD are on file in the office of the
Industrial Minerals and Resource
Economics Section of the ISGS. Bulk
powders were prepared by wet screen-
ing them to <35-mesh (<500-ym),
grinding 1.3-g samples of the >35-
mesh (>500-ym) size fraction with a
McCrone Micronizer, drying the sam-

" i e
Figure 8 Apparatus used to filter
approximately 130 gallons of ground-
water through a 0.50-pm Teflon filter.
The materials collected on the filter
were examined using scanning elec-
tron microscopy.

ples, and packing them in end-load-
ing sample holders. The samples were
then X-rayed. The weight percent of

a sample >35 mesh (>500-ym) was
determined, and mineral percentages
were calculated for all X-ray patterns
using established standard operating
procedures. Samples with insufficient
volume for a bulk powder pack were
analyzed by smearing the <325-mesh
(<44-um) samples, which involved
brushing them onto glass slides,
adding a few drops of dispersant
solution, and smearing them with a
microspatula. Because of their small
volume, the overall composition

of the samples was not quantified;
the mineralogy of the smears was
analyzed in order to fingerprint the
samples. X-ray tracings were made
using a Scintag diffractometer using
Cu-Ke radiation.

Isotopic Analysis

Calcite-cemented nodules and their
cements from NIWC 57-1, collected
from a depth of 295 feet, and a sample
of sand and gravel with dolomite-
enriched fines from NIWC 57-2, col-
lected from a depth of 290 feet, were
analyzed for “C and stable carbon
isotopes (6"*C). Using a binocular
microscope and stainless steel prob-
ing tools, small pieces of cement
were removed from fragments of

the cemented nodule. Four samples
were prepared from one of the nod-
ules. The first sample contained only
cement, the second sample appeared
to be composed primarily of cement
and a few small clasts, and the third
and fourth samples were composed
of a part of the nodule containing a
mixture of both cement and clasts.
Because of their relatively small size,
the first three samples were analyzed
for *C using accelerator mass spec-
trometry (AMS) technique (Ramsey
and Hedges 1997). This special tech-
nique uses particle acceleration and
ion beam capture to measure the “C
concentration and is well suited for
small samples such as the cement
from the NIWC 57-1 nodule. The car-
bonate in the three small samples
was converted to CO, by reacting
with phosphoric acid at 50°C. The CO,
released was purified and shipped to
an AMS laboratory at Oxford Univer-
sity, England, for “C analysis. There
was enough carbon in the larger part
of the nodule (using the bulk sample)
and in the NIWC 57-2 fines sample to
analyze at the ISGS radiocarbon labo-
ratory using the conventional liquid
scintillation spectrometry method
developed by Noakes et al. (1965,
1967). These samples were prepared
by acidifying each sample in a vial
attached to a vacuum line and pro-
ducing CO,, which was cryogenically
purified and converted into benzene
following the procedure outlined by
Coleman (1976). The concentrations
of “C are reported as percent modern
carbon relative to a National Bureau
of Standards reference material
(oxalic acid no. 1), which is defined
as 100% modern carbon. The age is
reported in radiocarbon years before
present (B.P.); “present” is defined as
1950.

8 Circular 566

Illinois State Geological Survey



The stable carbon isotopes were mea-
sured by taking a split of the CO, pre-
pared for C analysis and analyzing
the gas on a Finnigan Delta-E isotope
ratio mass spectrometer. The stable
carbon isotope results are expressed
in delta notation (6'*C). The 6**C is a
measure of the per mil difference in
the ratio of the less abundant isotope
(1*C) to the most abundant isotope
(2C) in the sample (SMPL) relative to
the same ratio in a known standard
(STND). The following equation pres-
ents the definition of 8'*C:

(ISC/IZC) _ 13C/12C)
SMPL STND .103

(PC/2Osrnp

313C =

The reference standard used for
reporting these carbon isotope results
was Pee Dee belemnite from the Cre-
taceous Pee Dee Formation (Clark
and Fritz 1997).

Bacterial Analysis

Core samples for bacterial analy-

sis were collected by first carefully
removing the exterior of the core with
knives and spatulas. The knives and
spatulas were soaked in ethanol for
atleast 1 minute between sample
collections. Approximately 50 g of
sample from the interior of the core
were removed and placed into a clean
ziplock bag. The bags were sealed,
placed into a second ziplock bag, and
immediately placed in an ice-filled
cooler. Double-bagged samples were
shipped in coolers filled with blue ice
to the Illinois Department of Agri-
culture Animal Disease Laboratory

in Centralia, Illinois. Although water
was not used in the drilling process, it
was used to help remove the core from
the core barrel. A sample of that water
was collected in sterile bottles.

Ten grams of the material from each
sample collected for bacterial analy-
sis and 100 mL of sterile water were
placed in a sterilized blender and
agitated for 3 minutes. The samples
of agitated water and samples of the
water used to aid in core extraction
were cultured (within 24 hours of col-
lection in the field) using standard
methods to isolate and identify bacte-
rial colonies present (Clesceri et al.
1989). Bacterial genera and species
were identified using standard physi-

ological techniques, and bacterial
indicators were identified. The genera
and species present in each sample
were identified and listed in order of
abundance. All water samples were
analyzed for iron-depositing and
sulfate-reducing bacteria using the
biological activity and reaction test
(BART; Droycon Bioconcepts Inc.
1996). This technique involves the
culturing of bacteria under anaerobic
conditions (Buelow and Walton 1971).
All bacterial genera, species, and indi-
cators are reported as colony-forming
units (cfu) per 100 mL of water. A por-
tion of each sand and gravel sample
processed for bacterial analysis was
also examined with a binocular
microscope for evidence of biofilms or
the deposition of iron oxyhydroxide
within the sample.

In addition, water samples collected
from wells NIWC 55, NIWC 57, and
NIWC 58 were analyzed for bacterial
genera and species and iron-depos-
iting and sulfate-reducing bacteria
using techniques described by Meh-
nert et al. (1999) and Panno et al.
(1999) and as described for agitated
water.

Collection and Analysis of
Groundwater Samples from
Production and Monitoring
Wells

Several groundwater samples were
collected during spring 2000 from
three production wells and the two
monitoring wells located next to well
NIWC 57. Water samples from the
monitoring wells were collected using
a Grundfos Redi-Flo2 centrifugal
pump (Grundfos Pumps Corpora-
tion). All groundwater samples were
collected using standard techniques
(Wood 1981). Two sets of samples
were collected from the monitoring
wells. The first set was collected after
well NIWC 57 had been shut down

for several months, and the second
was collected after NIWC 57 had been
pumped for 10 days at a rate of 1,600
to 1,800 gpm. All samples were sub-
mitted to ISGS laboratories for chemi-
cal, isotopic, and suspended solids
analyses.

Groundwater samples were analyzed
for major and minor cations and

anions and “C (NIWC 57 only). Sam-
ples collected for chemical analysis
were filtered through 0.45-4m mem-
branes and stored in high-density
polyethylene bottles. Samples to be
analyzed for cations were acidified in
the field with ultrapure nitric acid to
pH <2. All samples were transported
in ice-filled coolers to the laboratory
and kept refrigerated at approxi-
mately 4° C until analyses were com-
pleted in approximately 3 to 4 weeks.

Concentrations of cations in water
samples were determined with a
Thermo-Jarrell Ash Model ICAP 61e
inductively coupled argon plasma
spectrometer. Instrument opera-
tion, interelement interference cor-
rection, background correction,

and data collection were controlled
using ThermoSPEC/AE 6.20 soft-
ware. Blanks, calibration check
standards, and reference standards
were run with each sample set. Solu-
tion concentrations of anions were
determined using a Dionex 211iion
chromatograph with ITonpac AG14
Guard Column, Ionpac AS14 Analyti-
cal Column, and Anion Self-regener-
ating Suppressor-11 (4 mm) follow-
ing U.S. Environmental Protection
Agency Method 300.0 (Pfaff 1993).
Analytes were measured with a CDM-
3 conductivity detector cell with a
DS4 detection stabilizer. The eluent
was prepared with 3.5 mM sodium
carbonate and 1.0 mM sodium bicar-
bonate. Instrument operations and
data collection were controlled using
PeakNet 5.01 software. A calibration
check standard and blank were run
with each sample set.

The *Cin the dissolved inorganic
carbon in the groundwater was
analyzed by acidifying a 5-gallon
sample of groundwater and quanti-
tatively collecting the released CO,
in a vacuum line. The CO, produced
during the acidification was con-
verted to benzene and was analyzed
for its *C content using liquid scintil-
lation spectrometry as described ear-
lier for the solid carbonate samples.

Results

Based on the geology of the aquifer
and historic pumping practices, the
loss of specific capacity of the high-

Illinois State Geological Survey

Circular 566 9



capacity wells could have several
causes, including (1) the inorganic
precipitation of minerals (e.g., calcite
and iron oxyhydroxide) because of
changing geochemical conditions
near the pumping wells as a result of
pumping-induced outgassing of CO,
and/or changing redox conditions; (2)
biofouling by the bacterially mediated
precipitation of Fe, SO *~ reduction,
and deposition of slime-forming bac-
teria; and (3) the physical plugging

of the aquifer, gravel pack, or well
screens by pumping-induced trans-
port of clay, silt, or fine sand (Catania
and Getchell 1997).

Core Samples

Binocular Microscopy Our initial
examination of the wet sand and
gravel samples collected from the
Glasford and Mahomet aquifers in
boreholes NIWC 57-1 and NIWC 57-2
was done with a binocular micro-
scope. Microscopic examination
revealed clean, rounded sand and
gravel particles with no evidence

of biofilms or bacterially deposited
iron oxyhydroxide. However, we did
find a fine-grained, white-colored
material that tended to clump the
sand grains together. Only gentle
probing was needed to disaggregate
these clumps. When dry, the material
acted as a very weak cement holding
sand grains together. Acid (10% HCI)
applied to the white material resulted
in a vigorous reaction that removed
the carbonate fraction and left a fine,
brown residue. This reaction sug-
gested that carbonate mineral(s)
made up a large fraction of the white
material. It was also assumed that
separation of the <325 mesh (44-ym)
size fraction from the sand and gravel
would concentrate the white mate-
rial that was binding the “clumps”
for further examination. This mate-
rial was assumed to contain at least
some of the calcite that was expected
to have precipitated within the aqui-
fer near NIWC 57. The composition
of this material, based on SEM and
XRD analyses, included clay minerals
(illite, kaolinite, and chlorite), dolo-
mite, quartz, and feldspar. The total
amount of clay minerals in the fines
(as determined by XRD) was signifi-
cantly enriched in core samples in

all units and at all depths of borehole

NIWC 57-1 compared with NIWC 57-2.

Examination of sand and gravel
samples from borehole NIWC 57-

1 revealed nodules of strongly
cemented sand and gravel at depths
from 252 to 297.5 feet. Seven nearly
spherical to irregularly shaped nod-
ules ranging from about 1.0 to 2.5
inches in diameter and four smaller
ones <0.5 inches in diameter were
collected from this borehole (fig. 9).
No cemented nodules were found in
samples from borehole NIWC 57-2.
Cemented sand and gravel nodules
have not been described as occurring
in the Mahomet aquifer (John Kemp-
ton, ISGS, personal communication
1999). Such nodules also were not
observed in our background samples
from NIWC 65 and CHM 96A, which,
however, could be the result of dif-
ferences in sampling methods. The
occurrence of the nodules only in
the closest borehole, the previous

geochemical modeling of the ground-
water (Mehnert et al. 1999), and the
likelihood of calcite cement formation
on production well screens suggested
that the nodules could be physical
evidence of cementation occurring

in the aquifer near NIWC 57. Conse-
quently, the age and origin of the nod-
ules were considered to be important,
and the nodules were examined in
detail.

Point Counting Thirty-two thin sec-
tions of epoxy-impregnated sand and
gravel and the cemented nodules were
point counted under a petrographic
microscope to quantify their min-
eralogical composition and to help
determine the origin of the nodules.
The results of the point counting are
given in Appendix table Al. In gen-
eral, the dominant minerals present
in the Glasford and Mahomet aquifer
samples were almost identical and
included, as combined arithmetic
means, quartz (57.9%), carbonate

DNAG

PHOTO SCALE

Figure 9 Five of 11 cemented nodules collected from the sand and gravel of the
Mahomet aquifer from borehole NIWC 57-1 at depths from 252 to 297.5 feet.
The nodules collected ranged from <0.5 inches to 2.5 inches in diameter.
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Figure 10 Point count results of Glasford and Mahomet aquifers revealing slight variations in constituent minerals with
depth. “Other” is chert, rock fragments, and feldspar combined. The stars at the bottom of the figure represent the mineral
composition of a cemented nodule (excluding the calcite cement).

clasts (calcite and dolomite) (22.0%),
feldspar (4.4%), chert (5.0%), and
rock fragments (10.5%). This com-
position was consistent with results
obtained by Willman and Frye (1970)
and Manos (1961), who found that

the sand and gravel of the Mahomet
aquifer is made up predominantly

of quartz, lesser amounts of carbon-
ate minerals, K-feldspar and Ca-Na
feldspar, and minor amounts of trans-
lucent heavy minerals that include
hornblende, garnet, epidote, and
hyperenstatite. Others observed that,
in general, the dominant carbonate
minerals are dolomite in the Glasford
aquifer and calcite in the Mahomet
aquifer (H. Glass, ISGS, personal com-
munication 1992).

The mineralogical composition of the
sand and gravel in the cemented nod-

ules found in the Mahomet aquifer in
borehole NIWC 57-1 was found to be
identical to the other sand and gravel
samples from NIWC 57-1, except for
calcite cement (fig. 10). That is, point
count results for the nodules (clasts
only) were identical to those for the
sand and gravel containing nodules.

Petrographic and Cathodolumines-
cence Microscopy Thin sections of
sand and gravel from the Mahomet
and Glasford aquifers were examined
and compared with each other and
with thin sections made from samples
of the same units collected from
background well NIWC 65 (fig. 11).
All samples collected from NIWC 57-1
and NIWC 57-2 contained some sand
grains that were partially coated with
a thin rim of calcite-rich, silty mate-
rial that can be described as a drusy/

dogtooth-shaped, cathodolumines-
cent material (fig. 12). For this report,
this material is referred to as silt and
is assumed to be a size fraction that is
present and, at times, mobile within
the aquifers. This material appeared
to be a dehydrated version of the
white material observed as very small
clumps under the binocular micro-
scope. Only a thin coating of silt-size
material was found on clasts in the
samples of the Mahomet aquifer col-
lected during drilling of background
well (NIWC 65) using conventional,
mud-rotary drilling techniques (figs.
11C and 12). Most of the fine fraction
in these samples was likely washed
out of the sand and gravel during
drilling, sample collection, and sub-
sequent washing of the samples in
preparation for permanent storage in
the ISGS Geological Samples Library.
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Figure 11 Photomicrographs of a
Glasford aquifer sample at 190 feet
(A) and Mahomet aquifer sample at
275 feet (B) from borehole NIWC 57-1
showing the fine silt that is pervasive
throughout the formations at this site.

Background photomicrograph (C) from

the Mahomet aquifer in IL-AWC pro-

duction well NIWC 65 was drilled using

the reverse rotary drilling technique
with drilling fluids and showed very
little silt fraction. Plane polarized light
photo at 5x.

The cement identified in sand and
gravel samples collected from bore-
hole NIWC 57-1 at 252 to 259 feet,

270 feet, and 295 to 297.5 feet was
coarsely crystalline or blocky look-
ing and easily distinguished from the
thin, drusy/dogtooth-type material
observed in other samples (fig. 13).

Figure 12 Photomicrographs of Mahomet aquifer sand from lllinois State Water
Survey observation well CHM 96A showing a thin (<10-pm) crust of fine material
coating the sand and gravel clasts (A). Under cathodoluminescent light (B), the

fine material is luminescent.

The amount of calcite cement in the
cemented nodules was determined
(using point counting of 200 points
per thin section) to estimate the in
situ porosity of the sand and gravel
of the samples. The two samples
examined were from 295 to 297.5 feet
and contained 60 and 66% clasts, 34

and 30% cement, and 6 and 4% pore
spaces, respectively. Thus, the total
porosity for the samples was 34 and
40% prior to their cementation.

SEM Analysis Examination of the
<325-mesh (<44-um) size fraction
from the Glasford and Mahomet
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Figure 13 Photomicrographs of the Mahomet aquifer sand sample from borehole NIWC 57-1 (A) and NIWC 57-2 (B); both

samples are from depth 295 feet and are shown in plane light (left) and cathodoluminescent light (right). The sand and

gravel from borehole NIWC 57-1 is cemented with calcite, whereas the sand and gravel sample from borehole NIWC 57-2
was not cemented and showed the presence of the silt fraction. The calcite cement in A is nonluminescent; the silt in B is
luminescent under cathodoluminescent light.

aquifers under SEM was conducted
to determine the composition of the
potentially mobile fraction of the
aquifer and to look for authigenic
calcite. Observations revealed a het-
erogeneous mineralogical composi-
tion made of the same minerals found
in the petrographic analysis of the
sand and gravel, plus clay minerals.
Two obvious characteristics of the
alcohol-dispersed <44-pum material
were that it was composed of silt- and
clay-size materials, and the calcite
was typically very small, about 1 to

2 ym in diameter (fig. 14). Identifica-
tion of some of the material, using the
high-energy dispersive X-ray system,
at scattered locations along transects

across the dispersed samples yielded
qualitative information on the com-
position of the mineral fragments. A
sample of the fine fraction from sand
of the Glasford aquifer taken from a
depth of 175 feet in NIWC 57-2 con-
tained quartz, dolomite, and feldspar
(fig. 15). A sample of the fine fraction
of the Mahomet aquifer taken from

a depth of 295 feet in NIWC 57-1 was
composed of feldspar, clay minerals,
and quartz with abundant, but very
small (<1 ym in diameter) pieces of
calcite (not visible or identified in the
figure) throughout the field of view
(fig. 16). An archival sample of the
Mahomet aquifer taken from a depth
of 355 feet in NIWC 65 contained clay

minerals, feldspar, calcite, quartz,
and dolomite (fig. 17).

Examination of a thin section of

one of the cemented nodules using
backscatter electron imagery pro-
duced elemental maps that revealed
arelatively pure calcite cement. That
is, the cement was predominantly
calcium carbonate, had no obvious
inclusions of other materials, and had
few impurities such as magnesium

or iron. These results were consistent
with petrographic observations that
showed a clear, sparry calcite cement-
ing the sand grains (fig. 13A).

XRD Bulk Pack Analyses The XRD
patterns of bulk samples of sand and
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gravel from boreholes NIWC 57-1 and
NIWC 57-2 revealed that the Wedron,
Glasford, and Mahomet aquifers are
all composed of, in order of decreas-
ing relative amounts, quartz, dolo-
mite, calcite, plagioclase feldspar,
K-feldspar, illite, kaolinite, chlorite,
and hornblende. The values for min-
eral percentages determined by XRD
(tables 1 to 4) were similar to those
determined by point counting.

Calcite appears to be enriched in
samples of the Mahomet aquifer from
core samples from NIWC 57-1M and
NIWC-2M relative to cuttings from
ISWS well CHM 96A. The percentage
of calcite in samples from well CHM
96A ranged from 4.3 to 5.6% with a
mean of 4.9% (table 1). By contrast,
the percentages of calcite in core
samples from the Mahomet aquifer
18pm 1SGS1-295 at NIWC 57-1 and NIWC 57-2 ranged
from 5.3 to 12% (x = 8.0%) (table 2)
and 6.0 to 21% (x = 12%) (table 3),
respectively. Although qualitative,
these compositional differences are
supported by the calcite/quartz ratios
of the samples from the different
boreholes. The calcite/quartz ratios
for archival samples ranged from 0.59
to 1.61 (x = 0.98) (table 1; combined
means not shown). The ratios of sam-
ples from boreholes NIWC 57-1M and
NIWC-2M ranged from 0.74 to 2.10 (x =
1.22) (table 2) and from 0.79 to 3.67 (%
=1.96) (table 3), respectively.

28.8 kv

Figure 14 Photomicrograph of a dried clump of white material from NIWC 57-1,
295 feet depth, from the Mahomet aquifer. The clump appears to be dominated
by angular quartz (Q) fragments. A relatively large, clay-rich particle (CL) contain-
ing small (1 to 2 ym) fragments of calcite (C) can be seen.

Relative to the archival samples, dolo-
mite also appeared to be enriched in
samples from boreholes NIWC 57-1
and NIWC 57-2 in both the Glasford
and Mahomet aquifers, but it has a
more sporadic distribution than cal-
cite. The greatest concentration of
dolomite occurred near the base of
borehole NIWC 57-2 at 290 feet where
it constituted 28% of the total miner-
alogy (table 3). Dolomite was present
as part of aloose, brown coating on
the sand and gravel at this depth as
determined by XRD of the coating.

18
L 15652-175 XRD of the Fine Fraction The fine

fraction (<325 mesh or <44 um) of the
Figure 15 Photomicrograph of the alcohol-dispersed, fine fraction of NIWC 57-1,  Mahomet and Glasford aquifers from

175 feet depth, from the Glasford aquifer. The mineralogy is mostly dolomite (D) boreholes NIWC 57-1 and NIWC 57-2
and quartZ (Q) with minor amounts of feldspar (FS) contained the same minerals as the

coarse fraction, although in different
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amounts (table 4). The fine fraction
from the Mahomet aquifer (from both
boreholes) contained greater amounts
of clay minerals and carbonate miner-
als and less quartz than that from the
Glasford aquifer. The most notable
difference was in the percentages of
clay minerals in the Mahomet and
Glasford aquifers of the two new bore-
holes. Specifically, sand and gravel

of the Mahomet aquifer in borehole
NIWC 57-1 contained greater concen-
trations (by a factor of 5 to 10) of the
clay minerals illite and kaolinite plus
chlorite relative to those of samples
from the same aquifer in borehole
NIWC 57-2. Illite in the Glasford
aquifer in borehole NIWC 57-1 was
enriched by about a factor of 2 relative
to samples from the same aquifer in
borehole NIWC 57-2 (table 4 and fig.
18).

The dolomite-rich coating on sand
and gravel samples collected from
borehole NIWC 57-2 initially were
suspected to be residue from prior test
drilling because of its appearance as
afine, clay-like coating on sand and
gravel. Although the location of the
prior test drilling in the vicinity of
NIWC 57 was not well documented, it
was suspected that the dolomite-rich
fines had been created by drilling
through the dolomite-rich gravels of
the aquifer. Subsequent well develop-
ment could have forced these materi-
als farther from the well and into the
more permeable zones within the
aquifer. However, XRD analysis of
the fines did not find the expandable
clay minerals from drilling mud that
would be expected if the dolomite
were an artifact left by test drilling
(Randall Hughes, ISGS, personal com-
munications 1999). However, this
scenario assumes that an expandable
clay-bearing mud was used during
drilling of the pilot hole, which was
not necessarily the case (Mark John-
son, IL-AWC, personal communica-
tion 2000).

XRD of Calcite-cemented Nodule
The XRD data on one of the calcite-
cemented nodules collected at a
depth of 295 to 297.5 feet showed that
calcite in the nodule represented 42%
of its total mass (table 2). This result

208.8 ky 188wm  15651-295

Figure 16 Photomicrograph of the alcohol-dispersed, fine fraction in NIWC 57-1,
295 feet depth, from the Mahomet aquifer. The mineralogy is dominated by clay
minerals (CL), feldspar (FS), and quartz (Q), with minute pieces of calcite (<1 ym
in diameter) scattered throughout the field of view.

188um  NIuc—4 B

Figure 17 Photomicrograph of the alcohol-dispersed, fine fraction of a reference
sample from IL-AWC borehole NIWC 65, at 355 feet depth, from the Mahomet
aquifer. The mineralogy is dominated by clay minerals (CL), with lesser amounts
of calcite (C), quartz (Q), feldspar (FS), and dolomite (D).

Illinois State Geological Survey
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Table 1 Minerological composition of samples from background boreholes NIWC 65 and CHM 96A determined by X-ray
diffraction for bulk pack and smear samples.

%Cc/
Borehole Depth (ft) Unit" %>35M %l %H %K+C %Q %Kf  %Pf %Cc %D  %Cc+D  %Cc+D Cc/Q*> D/Q* Cc+D/Q Kf/Pf2 Kfi/Q?* Pf/Q?

NIWC 65 290 M 96 4.6 0.3 1.6 66 2.4 5.6 1 9.2 20 0.54 1.61 1.40 0.30 0.30 0.37 0.86
NIWC 65 315 M 72 23 0.0 0.7 79 27 45 7.0 4.1 11 0.63 0.88 0.52 0.14 0.37 0.34 057
NIWC 65 335 M 94 26 03 1.3 69 26 75 8.8 8.0 17 0.52 1.27 117 0.24 0.26 0.38 1.09
NIWC 65 355(smd) M 99 75 06 2.7 58 3.9 87 7.4 16 23 0.32 1.27 2.75 0.40 0.52 0.68 0.63
Mean 90 43 03 1.6 68 29 538 8.4 9.3 18 0.50 1.26 1.46 0.27 0.36 044 079
Std. Dev.(excluding smd)’ ik 21 0.2 0.7 7.0 0.6 1.4 1.4 1.4 4.3 5.0 0.1 0.30 0.80 0.09 0.14 0.20
CHM 96 A-253 M 92 59 0.0 1.9 63 3.4 7.6 5.6 12 18 0.31 0.88 1.92 0.28 0.31 0.53 1.20
CHM 96 A-293 M 61 3.0 04 0.9 74 3.6 5.7 44 76 12 0.36 0.59 1.03 0.16 0.38 048 077
CHM 96 A-313 M 64 6.3 0.3 2.3 68 3.1 7.4 4.3 8.5 13 0.33 0.63 1.25 0.19 0.29 045 110
CHM 96 A-328(RP) M 82 51 04 1.7 69 2.7 6.1 53 93 15 0.36 0.76 1.34 0.21 0.30 0.38 0.88
Mean 75 51 0.3 1.7 69 3.2 67 4.9 9.4 14 0.34 0.72 1.39 0.21 0.32 046 0.99
Std Dev. 13 1.3 0.2 0.5 4.0 03 0.8 0.6 3.3 2.0 0.02 0.10 0.30 0.04 0.04 0.05 0417

'smd, smear air-dried (sample too small for bulk pack); RP, bulk pack repeat run; M, Mahomet Sand; %>35M, percent greater than 35
mesh; |, illite; H, hornblende; K+C, kaolinite+chlorite; Q, quartz; Kf, K-feldspar; Pf, plagioclase feldspar; Cc, calcite; D, dolomite; Cc+D/Q
as is Cc/Q = 10X %Cc/Q.

2All 10X numerator/Q; Kf/Pf = %Kf/(%Kf+Pf).

Table 2 Mineralogical composition of bulk pack and lithified samples from borehole NIWC 57-1.

%Cc/
Borehole  Depth (ft)  Unit %>35M %l %H %K+C %Q %Kf %Pf %Cc %D  %Cc+D %Cc+D Cc/Q*> D/Q*> Cc+D/Q Kif/Pf? Kf/Q*> Pf/Q?

NIWC 57 159 G 54 0.9 0.2 0.3 88 2.8 3.4 1.3 3.0 4.2 0.30 0.14 0.34 0.05 0.45 0.32 0.39
NIWC 57 164 G 01 22 0.6 0.7 64 5.0 8.4 2.7 16 19 0.14 0.43 2.53 0.30 0.37 0.78 1.30
NIWC 57 169.5 G 06 0.8 0.0 0.3 75 4.6 4.4 3.2 " 15 0.22 0.42 1.52 0.19 0.51 0.61 0.58
NIWC 57 175 G 51 23 0.4 0.0 74 3.9 5.5 3.4 10 13 0.25 0.46 1.34 0.18 0.41 0.52 0.75
NIWC 57 179.5 G 34 1.2 0.2 0.4 81 3.9 4.2 2.7 6.5 9.2 0.29 0.33 0.80 0.11 0.48 0.49 0.52
NIWC 57 185 G 50 1.6 0.4 0.4 79 3.6 3.8 2.8 8.7 " 0.24 0.35 11 0.15 0.48 0.46  0.49
NIWC 57 190 G 90 1.8 0.0 0.9 64 3.3 5.9 6.2 18 24 0.26 0.96 2.76 0.37 0.36 0.52 0.92
NIWC 57 195 G 81 1.2 0.3 0.4 78 2.7 4.0 4.2 8.9 13 0.32 0.54 1.14 0.17 0.40 0.34 0.51
Mean 39 1.5 0.3 0.4 75.5 3.7 5.0 3.3 10.3 13.6 0.25 0.45 1.44 0.19 0.43 0.50 0.68
Std Dev. (%) 33 0.6 0.2 0.3 8 0.8 1.5 1.3 4.5 5.6 0.05 0.22 0.77 0.10 0.05 0.14 0.28
NIWC 57-1 230 M 77 2.0 0.6 0.7 72 5.2 7.8 5.3 6.7 12 0.44 0.74 0.93 0.17 0.40 0.73  1.09
NIWC 57-1 235 M 26 3.1 1.2 0.8 70 3.5 7.3 6.3 8.2 15 0.43 0.91 1.19 0.21 0.33 0.51 1.05
NIWC 57-1 240 M 36 1.3 0.5 0.6 72 4.6 8.2 5.9 6.6 13 0.47 0.82 0.92 0.17 0.36 0.64 114
NIWC 57-1 245 M 77 2.8 0.9 0.8 71 4.1 4.3 77 8.8 16 0.47 1.08 1.24 0.23 0.48 0.58 0.62
NIWC 57-1 250 M 60 2.8 0.6 0.9 66 2.9 7.4 10 8.7 19 0.54 1.57 1.31 0.29 0.29 044 111
NIWC 57-1 255 M 80 4.0 0.8 1.2 63 2.6 5.7 11 12 23 0.49 1.78 1.86 0.36 0.31 0.41 0.90
NIWC 57-1 260 M 88 5.0 0.8 1.8 58 2.5 5.7 12 14 26 0.47 2.10 2.35 0.44 0.31 043 0.97
NIWC 57-1 265 M 80 2.7 0.6 1.0 73 3.8 5.5 7.0 6.5 13 0.52 0.95 0.89 0.18 0.41 0.53 0.75
NIWC 57-1 270 M 67 3.5 0.9 1.4 64 2.6 7.3 9.9 10 20 0.49 1.54 1.57 0.31 0.27 0.41 1.14
NIWC 57-1 275 M 98 4.9 0.0 1.8 57 2.5 4.6 9.5 20 30 0.32 1.68 3.53 0.52 0.35 0.44  0.81
NIWC 57-1 280 M 91 5.1 0.4 1.3 62 2.7 7.3 7.2 14 22 0.33 1.16 2.34 0.35 0.27 043 118
NIWC 57-1 285 M 77 1.9 0.6 0.6 75 3.5 5.8 5.7 6.5 12 0.47 0.76 0.86 0.16 0.37 046 0.78
NIWC 57-1 290 M 33 1.3 0.4 11 70 3.9 7.4 6.8 9.4 16 0.42 0.98 1.35 0.23 0.35 0.56 1.06
NIWC 57-1 295 M 80 3.5 1.2 1.4 7 3.1 5.8 6.7 7.6 14 0.47 0.94 1.07 0.20 0.35 043 0.82
NIWC 57-1 297.5 M 81 3.2 1.0 2.0 67 2.8 71 8.4 8.6 17 0.49 1.26 1.29 0.26 0.28 0.42 1.07
NIWC 57-1 270L M 60 1.7 0.6 11 65 3.3 9.2 9.7 9.2 19 0.51 1.49 1.40 0.29 0.26 0.50 1.41
NIWC 57-1 297.5L M 73 1.7 0.6 1.5 33 0.8 3.8 42 16 59 0.72 12.9 4.96 1.79 0.18 025 114
Mean (excluding 270L & 297.5L) 70 3.1 0.7 1.2 67 3.4 6.5 8.0 9.8 18 0.46 1.22 1.51 0.27 0.34 0.50 0.97
Std. Dev. (excluding 270L & 297.5L) 21 1.2 0.3 0.4 50 08 1.2 241 3.6 5.0 0.06 0.40 0.70 0.10 0.06 0.09 017

'G, Glasford Formation sand; M, Mahomet Sand; %>35M, percent greater than 35 mesh; |, illite; H, hornblende; K+C, kaolinite+chlorite; Q,
quartz; Kf, K-feldspar; Pf, plagioclase feldspar; Cc, calcite; D, dolomite; Cc+D/Q as is Cc/Q= 10X %Cc/Q.
2All 10X numerator/Q; Kf/Pf= %Kf/(%Kf+Pf).
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Table 3 Mineralogical composition of samples from borehole NIWC 57-1 determined by X-ray diffraction of bulk pack

samples.
%Cc/

Borehole  Depth (ft) Unit"  %>35M %l %H %K+C %Q %Kf %Pf %Cc %D  %Cc+D  %Cc+D Cc/Q* D/Q?> Cc+D/Q Kf/Pf2  Kf/Q*> Pf/Q?
NIWC 57-2 35 w 72 3.3 0.0 0.7 77 3.6 6.4 3.1 6.4 9.5 0.32 0.40 0.84 0.12 0.36 0.46 0.83
NIWC 57-2 155 G 63 09 0.0 0.6 77 2.8 5.8 3.7 9.5 13 0.28 0.49 1.23 017 0.33 0.37 0.75
NIWC 57-2 165 G 1.0 16 0.3 0.3 76 4.7 5.6 2.4 9.5 12 0.20 0.32 1.25 0.16 0.46 0.62 0.74
NIWC 57-2 175 G 0.8 00 0.0 0.0 80 4.0 5.8 2.9 74 10 0.29 0.37 0.89 0.13 0.41 0.50 0.72
NIWC 57-2 180 G 81 3.1 0.0 0.7 73 3.3 4.3 4.8 1 16 0.30 0.66 1.54 0.22 0.44 0.46 0.59
NIWC 57-2 185 G 75 09 0.0 0.0 80 2.5 4.2 4.5 7.8 12 0.37 0.56 0.98 0.15 0.37 0.31 0.52
NIWC 57-2 190 G 87 16 04 0.9 65 1.9 4.5 7.0 18 25 0.28 1.08 2.82 0.39 0.30 0.29 0.68
Mean 51 1.3 0.1 0.4 75 3.2 5.0 4.2 1 15 0.29 0.58 1.45 0.20 0.38 0.42 0.67
Std Dev. (%) 36 1.0 0.2 0.3 5 0.9 0.7 15 3.7 5 0.05 0.25 0.64 0.09 0.06 012 0.08
NIWC 57-2 225 M 50 0.0 0.0 0.0 67 3.1 71 12 " 23 0.52 1.81 1.66 0.35 0.30 0.46 1.06
NIWC 57-2 235 M 28 16 0.6 0.4 76 2.8 6.2 6.0 6.6 13 0.48 0.79 0.87 017 0.31 0.37 0.81
NIWC 57-2 245 M 74 22 04 1.0 57 241 5.0 15 17 32 0.47 2.61 2.91 0.55 0.30 0.37 0.88
NIWC 57-2 255 M 77 26 05 0.6 57 1.6 74 14 16 30 0.47 2.49 2.82 0.53 0.18 0.28 1.24
NIWC 57-2 265 M 45 22 06 0.3 75 3.9 6.7 6.4 5.2 12 0.55 0.85 0.70 0.15 0.37 0.583 0.90
NIWC 57-2 275 M 87 41 0.5 2.0 58 2.8 5.5 8.7 19 27 0.32 1.51 3.25 0.48 0.34 0.49 0.95
NIWC 57-2 285 M 87 23 05 1.5 61 2.9 9.4 7.6 15 22 0.34 1.24 2.38 0.36 0.23 0.47 1.54
NIWC 57-2 290 M 89 30 04 1.8 49 3.2 1.2 13 28 41 0.32 2.69 5.80 0.85 0.74 0.66 0.24
NIWC 57-2 295 M 68 3.0 0.0 1.2 57 3.2 8.6 21 6.1 27 0.77 3.67 1.07 0.47 0.27 0.56 1.52
Mean 67 23 04 1.0 62 2.9 6.3 12 14 25 0.47 1.96 2.38 0.43 0.34 0.47 1.01
Std Dev. 20 11 0.2 0.7 84 06 2.2 4.6 7.0 8.8 0.14 0.91 1.50 0.20 0.15 0.1 0.37

"W, Wedron; G, Glasford Formation sand; M, Mahomet Sand; %>35M, percent greater than 35 mesh; |, illite; H, hornblende; K+C,
kaolinite+chlorite; Q, quartz; Kf, K-feldspar; Pf, plagiclase feldspar; Cc, calcite; D, dolomite; Cc+D/Q as is Cc/Q=10x%Cc/Q.

2All 10x numerator/Q; Kf/Pf= %Kf/(%Kf+Pf).

Table 4 Mineralogical composition of samples from boreholes NIWC 57-1 and NIWC 57-2 determined by X-ray diffraction of

smear samples.

%Cc/

Borehole  Depth (ft) Unit'  %>35M %l  %H %K+C %Q %Kf %Pf %Cc %D %Cc+D  %Cc+D Cc/Q® D/Q*> Cc+D/Q Ki/Pf2 Ki/Q®> Pf/Q?
NIWC 57-1 175 G NA 11 00 47 33 51 47 19 22 41 0.47 574  6.57 1.23 052 153 1.43
NIWC 57-2 175 G NA 53 05 23 40 32 36 14 31 45 0.31 356 7.77 1.13 0.47  0.81 0.90
Mean NA 84 03 35 37 41 42 17 26 43 0.39 465 717 1.18 049 117 116
NIWC 57-1 255 M NA 24 05 20 17 17 72 10 20 30 0.34 590 12.0 1.74 019  1.00 4.20
NIWC 57-1 295 M NA 19 12 11 29 21 6.1 14 18 32 0.45 490 6.0 1.10 0.26 074 210
Mean NA 21 09 15 23 19 66 12 19 31 0.39 540 8.81 1.42 0.23 0.87 3.15
NIWC 57-2 255 M NA 48 08 19 44 45 63 16 21 38 0.44 372 482 0.85 042  1.02 142
NIWC 57-2 295 M NA 37 09 20 3 35 73 15 33 47 0.31 412 9.20 1.33 0.32 099 207
Mean NA 43 08 20 40 40 68 16 27 42 0.37 3.92 701 1.09 037 101 175
NA, not applicable; G, Glasford Formation; M, Mahomet Sand; %>35M, percent greater than 35 mesh; |, illite; H, hornblende;

K+C, kaolinite+chlorite; Q, quartz; Kf, K-feldspar; Pf, plagiclase feldspar; Cc, calcite; D, dolomite, Cc+D/Q as is Cc/Q=10x %Cc/Q; D/Q.

2All 10x numerator/Q; Kf/Pf= %Kf/(%Kf+Pf).

was in contrast to the approximately
8.4% calcite concentration in the
“uncemented” or “unlithified” sand
and gravel from the same sample
interval. Thus, approximately 33.6%
of the nodule was composed of calcite
cement, which is consistent with the
results of point counting data previ-

ously described. Dolomite was also
present in a greater concentration in
the nodule, representing 16% of the
total mass (compared to an 8.6% con-
centration for the uncemented sand).
Examination of the nodule by petro-
graphic microscopy and SEM revealed
that the calcite was concentrated in

the cement, and the dolomite was
present only as clasts.

Carbon Isotopes of Calcite-cemented
Nodule Separation of the calcite
cement from a nodule involved sam-
ples of different degrees of purity. The
samples consisted of (1) all cement,
(2) mostly cement with some clasts,
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and (3) an unseparated sample. The
separated sample of calcite cement
yielded “C AMS results of 0.35 per-
cent modern carbon (pmc); the
unseparated sample submitted for
AMS dating yielded only 0.03 pmc.
Because the unseparated sample was
large enough for standard *C dating
techniques, an analysis at the ISGS
isotope geochemistry laboratory was
conducted. The results were the same
as with AMS dating techniques (table
5); the calcite in the cement contained
no detectable *C. The small amount
of 1“C activity in these samples was
attributed to contamination from the
evaporation of groundwater on the
sand and gravel when the samples
were dried. The formation of a film

25

of material on the unrinsed samples
could have accounted for the activity
observed.

The 8°C of the calcite cement in the
nodule was isotopically heavier than
would be expected for calcium carbon-
ate precipitated in equilibrium with
the calcium bicarbonate (Ca**-HCO,")-
type groundwater from well NIWC 57
(table 5). As the purity of the cement
samples increased, the 6'*C values
became increasingly more negative.

Particle-Size Analysis The results of
particle-size analyses of the samples
of the Mahomet aquifer revealed dis-
tinct differences between the gravel
pack and the aquifer material (table

Figure 18 The rela-
tive percentages of
clay minerals (the 20

20

<44-pm size fraction)

in samples collected B
from the Mahomet

Y
(¢)]

and Glasford (bore-
holes NIWC 57-1

and NIWC 57-2)
aquifers. Clay miner-

-
o
I
\

10

Percent illite
|

als in the Mahomet
aquifer closest to

Percent kaolinite+chlorite

IL-AWC production
well NIWC 57 exceed 51
those in wells farther
away in the aquifer E
by a factor of 2 to 10.

11

This result suggests 0+
a migration and
buildup of clay miner-
als toward and in the
vicinity of municipal
well NIWC 57.

175

H illite

\ \ \
57-1/ 57-2/ 57-1/ 57-1/ 57-2/ 57-2/
175

Borehole Number/Depth (ft)

255 295 255 295

I kaolinite +chlorite

Table 5 Isotopic data from calcite-cemented nodules and dissolved inorganic
carbon (DIC) in groundwater collected from the Mahomet aquifer near NIWC 57.

o°C “C (% modern) “C age
Sample description (%) % += SD (years B.P.)
Cement separated from nodule -4.6 0.35+0.13 45,600
Partially separated cement containing clasts -3.2 0.35+0.10 45,700
Bulk nodule (unseparated) -1.8 0.083 +0.10 >49,400
NIWC 60 DIC ND 33.1 +0.31 8,890
NIWC 57-1M DIC -12.1 26.3 £0.40 10,730
NIWC 57 groundwater DIC -10.0 23.6 +0.40 11,620
Bulk nodule (unseparated) -1.7 0.11 £ 0.06 >49,100
Gravel and fines from NIWC 57-2 (290 feet) -0.7 0.34 +0.07 45,800

6 and fig. 19). The particle-size dis-
tributions for representative samples
from borehole NIWC 57-1 are shown
in figure 19. The coefficient of uni-
formity is a relative measure of the
sorting of a sample (table 6); larger
coefficients represent grain-size
distributions that are more poorly
sorted (or well graded to engineers).
The finest-grained and best-sorted
materials were collected from the
upper portion of the Mahomet aqui-
fer at depths ranging from 234 to 252
feet. The coarsest, more poorly sorted
materials came from 270 to 282 feet,
toward the bottom of the Mahomet
aquifer. The higher values for the
coefficient of uniformity are found in
the deeper intervals, but these are still
finer than the materials from test hole
TH 3-56. TH 3-56 was drilled by NIWC
in 1956 next to NIWC 58. Well NIWC
58 is located approximately 2,000 feet
west of NIWC 57.

The TH 3-56 data are significant
because test holes are drilled to col-
lect data for constructing the produc-
tion wells, including particle-size
data needed to design the well screen
and gravel pack. No particle-size data
were found for a test hole near NIWC
57, s0 only NIWC 58 data could be
examined. The sample from TH 3-56
appeared to be much coarser than any
sample collected from NIWC 57-1 (fig.
19). This difference in grain size may
be real or may be caused by differ-
ences in drilling techniques. Samples
from NIWC 57-1 were obtained during
rotasonic coring. Samples from

TH 3-56 were most likely obtained
during forward mud rotary drilling.
With mud rotary drilling, finer-grain
materials such as silts, clays, and very
fine sand are entrained in the drill-
ing fluid and are not collected. Use

of this drilling method is expected to
skew the particle-size distribution of
unlithified sand and gravel samples
toward coarser average grain sizes.

Well NIWC 57 is screened from a
depth of 242 to 297 feet, but the gravel
pack extends 11 feet above and 7

feet below the well screen (fig. 7).

The pack has a coefficient of 1.8. The
design criteria for this gravel pack
and well screen were unknown to us.
Driscoll (1986) described a method
for designing a gravel pack for a well
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Retained (cumulative percent)

0.01

0.10

Grain size (mm)

1.00

Gravel

Table 6 Particle size analyses for drill core samples from borehole NIWC 57-1.

Sample 90% retained 40% retained

interval (ft) size' (mm) size? (mm) Ccus
225-230 0.13 0.24 1.8
230-232 0.19 0.75 3.9
232-234 0.20 0.75 3.8
234-239 0.12 0.24 2.0
239-242 0.12 0.22 1.8
242-244 0.10 0.20 2.0
244-245 0.15 0.33 2.2
245-246 0.21 0.41 2.0
246-249 0.19 0.39 21
249-252 0.16 0.24 1.5
252-259 0.30 0.85 2.8
259-261 0.28 0.73 2.6
261-262 0.18 0.57 3.2
262-270 0.20 0.73 3.7
270-272 0.12 1.30 11
272-275 0.20 1.30 6.5
275-282 0.32 1.60 5.0
282-285 0.19 0.45 2.4
285-290 0.19 0.37 1.9

The grain size at which 90% of the sample is coarser than the specified grain size and 10%

is finer.

2The grain size at which 40% of the sample is coarser than the given size and 60% is finer.
5The coefficient of uniformity (CU) is defined as the 40% retained size divided by the 90%

percent retained size.

Gravel pack, NIWC 57

TH3-56, 285-315 ft

NIWC 57-1, 230-232 ft

NIWC 57-1, 242—244 ft (finest)
NIWC 57-1, 244-245 ft

NIWC 57-1, 245-246 ft

NIWC 57-1, 275-282 ft (coarsest)

4+om)o -0

Figure 19 Results of particle-size
analyses comparing grain size with
cumulative percent retained in the dif-
ferent sieves used. Gravel pack and
test hole (TH) results are shown in
bold lines to the right and represent

a coarser size distribution than those
found in boreholes NIWC 57-1 and
NIWC 57-2 (not shown).

such as NIWC 57. Using the method
of Driscoll, we found that 70% of the
gravel pack should have been coarser
than 1.12 to 1.68 mm. Instead, 70%
of the gravel pack for NIWC 57 was
coarser than 2.4 mm. Thus, based on
the particle-size distribution of the
aquifer in test hole NTWC 57-1 drilled
15 feet away, the gravel pack for NIWC
57 may have been too coarse for the
particle-size distribution of the aquifer.
If the gravel pack is too coarse, finer-
grained sediment from the aquifer
may migrate into the gravel pack. No
samples from the gravel pack were
available, so it was impossible to
determine whether fines (originat-
ing in the aquifer) migrated into the
gravel pack at NIWC 57 and, if so,
whether they contributed signifi-
cantly to the observed decline in spe-
cific capacity of this well.

Bacterial Analysis of Core Samples
Bacterial indicators, genera, and spe-
cies present within the cores retrieved
from boreholes NIWC 57-1 and NIWC
57-2 (tables 7 and 8) included a wide
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Table 7 Bacterial analysis of core samples from borehole NIWC 57-1.

Depth TA! TC FC Ent. Fe-rel SO,-red
(ft) (cfu) (cfu) (cfu) (cfu) (cfu) (cfu) Species? Lithology
10 0 0 0 0 0 0 None
20 0 0 0 0 0 0 None
30 2,100 200 0 1,700 0 0 Bs, Kp, Sf
40 0 0 0 0 0 0 None Clay
50 260 100 0 0 0 0 Bs,Kp (silty and sandy)
60 300 300 0 0 0 0 Kp, Af Wedron Group
80 0 0 0 0 100 0 Fe-rel
90 160 100 0 0 0 0 Kp,Bs
110 0 0 0 0 0 0 None
122 0 0 0 0 0 0 None
130 0 0 0 0 0 0 None
140 0 0 0 0 0 0 None
159 3,700 0 0 0 100 0 Bs, Kp, Ps
165 Sand and gravel
170 130 0 0 0 0 0 Bs (fine to coarse)
180 0 0 0 0 0 0 None Glasford
185 Formation
190 110 0 0 0 0 0 Ps
200 0 0 0 0 0 0 None Clay
210 0 0 0 0 0 0 None (sandy and
220 0 0 0 0 0 0 None gravelly)
230 0 0 0 0 0 0 None
235 --- ---
240 0 0 0 0 0 0 None
250 400 0 0 0 0 0 Kp, Pa
255 --- --- Sand and gravel
260 0 0 0 0 0 0 None (fine to coarse)
265 Banner
270 0 0 0 0 0 0 None Formation
275 - ---
280 0 0 0 0 0 0 None
290 0 0 0 0 0 0 None
295 --- ---
300 90 0 0 0 0 0 Bs
315 0 0 0 0 0 0 None T
Clay (hard)
L
Water 1,600 42 0 2 100 0 Kp, Pa, S, Ss
Water 28 0 0 0 0 0 Pc, S

'TA, total aerobic bacteria; TC, total coliforms; FC, fecal coliforms; Ent., fecal enterococci;
Fe-rel, iron-related; SO,-red, sulfate-reducing bacteria; cfu, colony-forming units.
2 Bs, Bacillus spp., Kp, Klebsiella pneumoniae; Sf, Staphyloccus faecium; Pa, Pseudomo-

nas aeruginosa; Ps, Pseudomonas spp.; Af, Aspergillus fumigatus; S, Staphylococcus spp.;

Ss, Serratia spp.
8---, no samples.

variety of aerobic and iron-depositing
bacteria. No SO,*"-reducing bacteria
were detected in the samples. Bacteria
isolated from the cores included soil-
related bacteria (Bacillus spp., Serratia
spp., Pseudomonas spp., and Klebsiella
pneumoniae) and fecal streptococci
(Streptococcus faecium). Tests for iron-
depositing bacteria were positive for
core samples from the upper part of
borehole NIWC 57-1 within the till
and the upper part of the Glasford
aquifer. Iron-depositing bacteria were
detected sporadically throughout
borehole NIWC 57-2. In addition, a
common blue-green fungus (Aspergil-
lus fumigatus) was found within a till
sample from NIWC 57-1.

The largest counts of total aerobic
bacteria and fecal streptococci were
found in cores from the upper sec-
tions of both boreholes, particularly
the upper 5 feet and within the shal-
low Wedron aquifer (tables 7 and 8).
Relatively large bacterial counts also
were detected in the sand and gravel
of the Glasford aquifer. There were a
few occurrences of bacteria at very
low concentrations within the cores
taken from the Mahomet aquifer in
borehole NIWC 57-1 near the produc-
tion well. However, iron-depositing
bacteria were present in relatively
large concentrations (5,000 cfu/100
mL) within a 20-foot section near the
base of the Glasford aquifer and at the
base of borehole NIWC 57-2 within
the Mahomet aquifer (table 8).

Near the base of the Mahomet aquifer,
at a depth of 290 feet, a large accumu-
lation of fine-grained dolomite was
observed in borehole NIWC 57-2 (table
3). The significance of the accumula-
tion of this material and the occur-
rence of iron-depositing bacteria with
the fine-grained dolomite (table 8)

is unclear. No biofilms or evidence

of aquifer biofouling at this depth or
anywhere else within the Mahomet
aquifer interval was observed when
using a binocular microscope to
examine the core samples, nor did

the XRD studies show similar concen-
trations of calcite or dolomite at this

or any other depth in the Glasford or
Mahomet aquifers (tables 1 through 4).

Alimited volume of water was used
during the drilling of boreholes NIWC
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57-1 and NIWC 57-2 to lubricate the
borehole in the unsaturated zone

and to provide pressure to help push
core from the core barrel. This water
was finished water obtained from

the IL-AWC water treatment plant

on Mattis Avenue in Champaign.
Bacteria present in samples of this
water (table 8), collected on two dif-
ferent days during drilling, included
Klebsiella pneumoniae, Pseudomonas
aeruginosa, Pseudomonas capacia,
Staphylococcus spp., Serratia spp., and
iron-related bacteria. These species
typically live in the natural environ-
ment in soils, surface waters, and
shallow groundwater and could have
entered the water used in the drilling
through contact with soil that inad-
vertently fell into or was present in
the water tank (table 8). The suite of
bacteria present in the drilling water
was not reflected in the core samples,
indicating there probably was little or
no contamination of the selected core
samples by the drilling water.

Groundwater Samples

Groundwater samples were collected
from NIWC 57 and monitoring wells
NIWC 57-1M and NIWC 57-2M to
determine whether calcite satura-
tion of the groundwater was affected
by the greater drawdown adjacent

to well NIWC 57. Monitoring well
NIWC 57-2M was found to be partially
blocked with the Na-bentonite used

to construct the wells. Unfortunately,
the bentonite may have affected the
chemical composition of the ground-
water samples collected from moni-
toring well NIWC 57-2M (table 9). Ben-
tonite contains approximately 2.5%
Na,O, 1.8% CaO, 65% SiO,, and 4.4%
Fe,O, (Black Hills Bentonite-Technical
data, www.bhbentonite.com).

Groundwater Chemistry The chemi-
cal composition of groundwater
samples from NIWC 57-2M apparently
reflects the presence of Na-bentonite
within the well. For example, Na*was
elevated in NIWC 57-2M by about 10
mg/L compared with NIWC 57 and
NIWC 57-1M (table 9) and was greater
than the Na* concentrations found in
other production wells and in the Illi-
nois State Water Survey’s monitoring
wells in the area (table A2). However,

Table 8 Bacterial analysis of core samples from borehole NIWC 57-2.

Depth TA' TC FC Ent. Fe-rel SO,-red

(ft) (cfu) (cfu)  (cfu) (cfu) (cfu) (cfu) Species? Lithology
5 7,800 2 0 3,700 5,000 0 Bs, Kp, Ps, Sf
10 9,000 0 0 0 0 0 Pc
15 0 0 0 0 0 0 None
20 0 0 0 0 0 0 None
25 0 0 0 0 0 0 None
30 0 0 0 0 0 0 None
35 0 0 0 0 0 0 None
40 ---3 Clay
50 (silty and sandy)
60 Wedron Group
110
140
145 0 0 0 0 0 0 None
155 0 0 0 0 100 0 Fe-rel
165 0 0 0 0 0 0 None Sand and gravel
170 --- - --- --- --- --- --- (fine to coarse)
180 400 0 0 0 0 0 Bs Glasford
185 740 200 0 0 0 0 Bs, Kp Formation
195 0 0 0 0 5,000 0 Fe-rel
200 Clay
210 (sand and
220 gravel)
225 0 0 0 0 0 0 None
235 0 0 0 0 0 0 None
245 0 0 0 0 0 0 None
250 --- - --- --- - - ---
255 0 0 0 0 0 0 None Sand and gravel
260 --- - --- --- --- --- --- (fine to coarse)
265 0 0 0 0 0 0 None Banner
270 Formation
275 0 0 0 0 5,000 0 Fe-rel
280 - - - -
285 0 0 0 0 5,000 0 Fe-rel
295 0 0 0 0 5,000 0 Fe-rel
315 Clay (hard)
Finished water
Water 1,600 42 0 2 100 0 Kp, Pa, S, Ss from the IL-AWC
water plant
Water 28 0 0 0 0 0 Pc, S

'TA, total aerobic; TC, total coliforms; FC, fecal coliforms; Ent., fecal enterococci;

Fe-rel, iron-related; SO,-red, sulfate-reducing; cfu, colony-forming units.

2 Bs, Bacillus spp., Kp, Klebsiella pneumoniae; Ps, Pseudomonas spp.; Sf, Staphyloccus
faecium; Pc, Pseudomonas capacia; Pa, Pseudomonas aeruginosa; S, Staphylococcus
spp.; Ss, Serratia spp.

8---, no samples.
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Table 9 Chemical composition of water samples from IL-AWC production wells and monitoring (M) wells near NIWC 57.

Parameter! NIWC 57 NIWC 57-1M (NP)? NIWC 57-1M (P) NIWC 57-1M (P) NIWC 57-2M (P) NIWC 57-1G (NP)
Temp. 131 15.2 15.4 16.0 151 15.3
pH 7.72 7.63 7.76 7.70 7.41 7.40
Eh 63 46 48 51 59 53

Sp. cond. 595 612 563 576 628 715

B 0.90 0.78 0.77 0.79 1.14 1.81
Ba 0.367 0.331 0.328 0.312 0.329 0.268
Ca 56.5 56.5 54.4 52.4 58.0 60.0
Fe 1.41 1.33 1.26 1.25 1.71 3.04
K <1 <1 <1 2 <1 <1

Mg 33.5 33.8 32.7 31.2 33.2 33.0
Mn 0.210 0.019 0.170 0.017 0.220 0.020
Na 52.0 48.7 47.5 46.2 61.4 70.5
Si 5.59 5.31 5.27 5.04 6.22 6.84
Sr 0.640 0.648 0.632 0.607 0.667 0.781
NOsN <0.02 <0.02 < 0.02 <0.02 < 0.02 <0.02
SO, <041 <041 <041 <041 <041 <041

F 0.31 0.33 0.31 0.37 0.31 0.40
Cl 1.6 1.6 1.3 1.4 0.9 0.7

T. Alk. 362 362 354 348 382 428
Date 05/09/00 04/14/00 05/02/00 05/09/00 05/09/00 04/14/00

All parameters in milligrams per liter except for temperature (°C), pH (pH units), redox potential (Eh in mV), specific conductance (Sp. cond.
in yS/cm), and total alkalinity (T.Alk. in mg/L as CaCO,).

2NP, sampled while NIWC 57 was not being pumped; P, sampled during pumping of NIWC 57.

no such problems with bentonite
seals were found in well NIWC 57-

1M. Because of the uncertainty of

the quality of the water sample from
NIWC 57-2M relative to the other
samples, those data were not used

to determine the mass of calcite that
might be precipitating between moni-
toring wells NIWC 57-2M and NIWC
57-1M.

Iron-depositing Bacteria Water
samples collected from IL-AWC pro-
duction wells NIWC 55, NIWC 57, and
NIWC 58 were analyzed for indicator,
iron-related, and sulfate-reducing
bacteria (table 10). Chapelle (1993)
stated that “. . . the presence of iron-
oxidizing bacteria in aquifer sedi-
ments is indicated by their common
presence in water wells.” The rota-
sonic drilling technique yielded core
samples with a minimum of bacterial
contamination. The presence of iron-
depositing bacteria near the base

of the Mahomet aquifer in borehole
NIWC 57-2 suggested that Chapelle
was correct in his assumption that
these bacteria are “...a common
component of the subsurface micro-
flora.” Aerobic bacteria were found

in groundwater collected from wells

NIWC 57 and NIWC 58, but not in well
NIWC 55. Bacillus and Pseudomonas
spp. are ubiquitous in soil and wells
and have been identified in shallow
aerobic aquifers (Chapelle 1993).
Although these bacteria could have
been introduced during drilling or
well construction, their persistence
and their biofilm production strongly
suggest that O, is somehow getting
into the well and well screen. Iron-
related and sulfate-reducing bacteria
were detected in groundwater sam-
ples from all three production wells
sampled.

Suspended Solids

The suspended solids collected on
0.50-um filters when sampling the
water from NIWC 55, NIWC 57, and
NIWC 58 yielded important clues to
the biological activities and environ-
mental conditions within the pro-
duction wells. The SEM examination
showed the suspended solids trapped
on the filters to be a mixture of detri-
tal mineral fragments, iron oxide and
hydroxide tubercles, twisted fila-
ments of iron-depositing bacteria,
and authigenic calcite crystals. The

Table 10 Bacterial indicators and fecal, sulfate-reducing, and iron-related bacte-
ria present in water samples collected from three production wells in the IL-AWC

western well field.

Iron-related  Sulfate-reducing
TA" TC FC FS bacteria bacteria Bacterial
Well (cfu) (cfu) (cfu) (cfu) (cfu) (cfu) species
NIWC55 0 0 0 0 100 100 None isolated
NIWC 57 9 0 0 0 100 100 Bacillus spp.
Pseudomonas spp.
NIWC 58 2 0 0 0 100 100 Bacillus spp.

Pseudomonas spp.

'TA, total aerobic; TC, total coliforms; FC, fecal coliforms; FS, fecal streptococci; cfu, colony-

forming units.
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size of the mineral fragments and
amount of bacterial material present
on the filters collected at each of the
three wells were different, and the
differences appeared to be related to
the rate at which each well was being
pumped. Qualitatively, the filter used
at well NIWC 55 contained relatively
few mineral and bacterial fragments,
and these fragments were rarely over
10 ym in length or diameter. The filter
used at well NIWC 57 contained abun-
dant bacterially generated materials
and larger mineral fragments that
were typically up to 20 ym in diam-
eter. The filter from well NIWC 58
contained the largest (up to 100 um
across) and most abundant mineral
fragments and bacterially generated
fragments (fig. 20). The materials
found on the filters, the well construc-
tion, and the potential sources of
oxygen in the vicinity of the wells are
discussed.

Bacteria The SEM showed the pres-
ence of bacteria-related deposits on
the filters used at wells NIWC 55,
NIWC 57, and NIWC 58. The filters
for NIWC 57 and NIWC 58, originally
white, were stained a solid to patchy
reddish orange and held stalks and
tubercles composed of carbon, iron,
calcium, and silicon formed by the
iron-depositing bacteria (fig. 20). The
filter from NIWC 55 was a grayish
buff color with no reddish patches; it
contained some sparsely distributed
tubercles (fig. 20). Little et al. (1997)

Figure 20 Photomicrographs of 0.50-um filters
through which approximately 130 gallons of
groundwater from the discharge stream of three
production wells was filtered. Magnification is
200x. Captured suspended solids progressively
increase in abundance, size, and diversity as
pumping rates increase. A, the filter used at
well NIWC 55, which was pumped at a rate of
about 1,100 gpm, showed only specks of a white
material (calcite) and small strands (bacterially
generated strands and tubercles of iron oxides
and hydroxides). B, larger, more abundant
strands and tubercles and detrital mineral frag-
ments appeared on the filter used at well NIWC
57, which was pumped at a rate of about 1,700
gpm. C, the largest material was found on the
filter used at well NIWC 58, which was pumped
at a rate of about 2,300 gpm.

28.8 kY

186um A MRAY

NIWC 55

NIWC 58
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noted that “iron-depositing bacteria
produce orange-red tubercles [com-
posed] of iron oxides and hydroxides
by oxidizing ferrous ions from the
bulk medium or the substratum.” The
tubercles were hollow and provided
an armored shelter for iron-deposit-
ing bacteria against environmental
assaults (e.g., disinfectants).

Bacilli and cocci (rod- and sphere-
shaped, respectively) bacteria were
observed on the surfaces of the filters
and intermixed with fragments of
detached biofilms (fig. 21). Biogenic
filaments composed predominantly of
iron oxide were scattered over the fil-
ters (figs. 21 to 25) and were entwined
around and engulfing detrital min-
eral fragments (figs. 26 and 27). The
abundance and size of the bacterial
fragments, at least from the three
wells sampled, appeared to depend
on the pumping rate of the wells. The
largest and most abundant biogenic
fragments were collected from NIWC
58, which was being pumped at about
2,300 gpm. The smallest and fewest
were collected from NIWC 55, which
was being pumped at about 1,100

Mineral Fragments The mineral frag-
ments caught on the filters included
dolomite, calcite, quartz, feldspar,
and clay minerals. The size range of
these fragments also appeared to be
related to the well pumping rates (fig.
20). Specifically, the largest mineral
fragments (typically about 40 ym in
diameter) were collected on the filter
used at well NIWC 58, which had a
pumping rate of about 2,300 gpm,
whereas the smallest fragments (typi-
cally about 5 ym in diameter) were
collected on the filter used at well
NIWC 55 that had a pumping rate of
about 1,100 gpm. Intermediate size
fragments (typically about 10 um

in diameter) were collected on the
filter used at well NIWC 57 that had a
pumping rate intermediate between
NIWC 58 and NIWC 55 (fig. 20). Thus,
the groundwater flowing into the well
annulus during pumping operations
apparently entrained fine mineral
fragments from the aquifer and gravel
pack; the greater the pumping rate,
the larger were the entrained mineral
fragments.

Clay minerals are much more abun-
dant in samples from the Mahomet
aquifer from well NIWC 57-1, drilled
just 15 feet from the production well,
than from well NIWC 57-2, drilled 60
feet from the production well (fig. 18).
This result suggests that clay minerals
are being transported toward the pro-
duction well during pumping opera-
tions. Mineral fragments that were
not trapped within the aquifer were
either trapped with the other materi-
als in the biofilm-based deposits at
the well screen or were transported
up the well with the water.

The filter from well NIWC 55 con-
tained few detrital minerals. Most of
the mineral matter on the filter was
composed of euhedral calcite crystals
that were about 5 ym in diameter

(fig. 28). The size, morphology, and
monomineralic nature of these crys-
tals suggest that they are not of detri-
tal origin, but precipitated directly
from solution. The calcite probably
precipitated within the pores of the
aquifer, in the gravel pack, and/or in
the well bore during pumping and as
aresult of pumping-induced outgas-
sing of CO, from the groundwater.
Crystals such as these may also be
found in the materials examined on
the filters used at the other two pro-
duction wells. However, it was very
difficult to distinguish between authi-
genic and detrital calcite crystals in
the materials collected on the filters
at the other production wells. The
abundance of other materials trapped
on the filters obscured the presence
of the smaller, authigenic calcite crys-
tals.

Although most of the calcite masses
were relatively small (about 5 ym in
diameter) and euhedral, one rect-
angular-shaped fragment found on
the filter from well NIWC 55 was 70
um by 40 ym by 30 xm and showed
signs of dissolution (pitting) as well
as reprecipitation (euhedral calcite
crystals about 1 um across) on other
parts of the fragment. This fragment
may reflect the presence of a dynamic
equilibrium in the calcium-bicarbon-
ate system in the vicinity of the pro-
duction wells, possibly because of the
effects of pumping and/or the effects
of well remediation activities.

Discussion

Results revealed evidence of several
processes that may be contributing to
the decreased specific capacity of well
NIWC 57 and possibly the other pro-
duction wells in the western well field
that have shown declines in specific
capacity. Those processes include (1)
a gravel pack that was too coarse to
keep aquifer materials from migrating
to the well screen, (2) biofilm forma-
tion on the well screen and possibly
within the gravel pack, (3) calcite
precipitation within the aquifer and
gravel pack, and (4) the transport of
clay- and silt-size detrital minerals

in the aquifer toward the well during
pumping. If precipitated calcite and
transported detrital mineral grains
become entrapped within the bio-
films on the screen or within the
gravel pack, the loss of specific capac-
ity might increase. These processes
and the potential interactions among
them are discussed.

Calcite Precipitation from
Groundwater

Groundwater Chemistry Mehnert et
al. (1999) determined that CO, outgas-
sing probably occurred in the vicinity
of high-capacity production wells in
the IL-AWC western well field. It is
well known that reduced pressure and
agitation results in CO, outgassing
from groundwater as it flows from an
aquifer. Hydrostatic pressure reduc-
tion produced in the vicinity of a
pumping well decreases the pressure
on the groundwater, causing outgas-
sing of CO, . The outgassing increases
the groundwater pH within or close
to the well, causing the water to
become oversaturated with carbon-
ate minerals (especially calcite). As a
consequence, crystals of calcite and/
or other carbonate minerals may pre-
cipitate from the groundwater (e.g.,
Hubbard and Herman 1991).

The smaller concentrations of total
dissolved solids and Ca®*, the greater
pH values, and the lower partial
pressure CO, (pCO,) in groundwater
samples from the western well field
(fig. 29), compared with values in the
background monitoring wells, sup-
port the possibility of calcite
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Figure 21 Photomicrograph of the fragments
of a biofilm dislodged from a surface within

well NIWC 55 during pumping operations. The
view shows the underside of the biofilm; bacilli
and cocci are present on the largest fragment
in the upper right quadrant of the photomicro-
graph; calcite crystals are visible as scattered
5-pum diameter specks. Magnification is 505x.

Figure 22 Photomicrograph of a fish-shaped
tubercle trapped on the filter from well NIWC
57. High-energy dispersive X-ray backscat-

ter analysis revealed that the encrustation on
the tubercles was made up predominantly

of carbon, iron, and oxygen. Smaller mineral
fragments are visible in the background, and

a twisted filament is visible near the bottom
center of the photomicrograph. Magnification is
2,380x.

Figure 23 Photomicrograph of a large tubercle
(top left), filaments (center), and detrital miner-
als collected from well NIWC 58. Magnification
is 895x.
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Figure 24 Photomicrograph of twisted stalks
produced by iron-depositing bacteria during
their sessile (attachment and growth) phase
collected from well NIWC 55. The more mas-
sive material in the lower right corner appears

to be a fragment of biofilm. Magnification is
1,730x.
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Figure 25 Photomicrograph of what appears
to be the motile form of an iron-depositing bac-
teria lying among the debris field on the filter 19.8 ky ™ NIucs?
from well NIWC 57. Magnification is 7,250%
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Figure 26 Photomicrograph of long filaments

of iron-depositing bacteria that have enveloped

detrital mineral fragments in well NIWC 58.
Magnification is 1,010X. 1,818%

18pm
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precipitation adjacent to the produc-
tion wells. The chemical composition
of the groundwater at NIWC 57 indi-
cates that the groundwater is over-
saturated with calcite (fig. 30). Calcite,
therefore, is probably precipitating
near the high-capacity wells (includ-
ing well NIWC 57) and may also be
precipitating within the aquifer, gravel
pack, and/or at the well screens.

In general, results from this current
investigation were consistent with the
findings of Mehnert et al. (1999). We
hypothesized that pumping the wells
at rates of about 1,000 gpm lowered
hydrostatic pressure within the aqui-
fer enough to cause outgassing of CO,

18pm

18pm

AMRAY #0004

AMRAY #0000

from groundwater and a concomitant
precipitation of calcite. A decrease in
the total dissolved solids (TDS) con-
centration in groundwater samples
from the western well field (fig. 30)
was assumed to be, at least in part, the
result of the precipitation of calcite,
perhaps in very close proximity to the
production wells. Considering other
chemical characteristics of the back-
ground wells, compared with those of
the production wells, the explanation
for calcite precipitation may be more
complicated than originally hypoth-
esized. Part of the difference in TDS
could be explained by the differences
in SO*" concentrations (table A2) and

Figure 27 Photomicrograph of the filament of
an iron-depositing bacteria entwined around a
relatively large calcite crystal from well NIWC
55. Magnification is 520x.

Figure 28 Photomicrograph of a cluster of
calcite crystals in the shape of a backwards
question mark from well NIWC 55. The twisted,
rope-like stalk on the left was produced by an
iron-depositing bacteria (probably Gallionella
ferruginea). The fibrous material in the back-
ground is the filter. Magnification is 2,060x.

SO,* reduction. The SO *~ reduction
in groundwater within the aquifer
between the background wells and the
western well field would involve the
formation of bicarbonate through the
reaction of SO *~ with organic matter,
represented by CH, O, as follows:

2CH,0 + SO,* = H,S + 2HCO, .

The formation of HCO, ™ ions could
result in the precipitation of calcite
within the aquifer because of oversat-
uration. Consequently, the reaction

2Ca*" + 2HCO,” = 2CaCO, + H,0

would cause the precipitation of
calcite within the aquifer and could
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Figure 29 Total dissolved solids, Ca**, pH, and partial pressure of CO, (pCO,) in groundwater samples from 3 IL-AWC
production wells in the western well field and 6 lllinois State Water Survey (ISWS) observation wells in the Mahomet aquifer
(data from Mehnert et al. 1999). CHM, lightly pumped observation wells drilled by ISWS; NIWC, production wells of the IL-

AWC.

explain the loss of Ca®" and TDS
along the hydraulic gradient of the
Mahomet aquifer (toward the well
field from the background wells). The
relationship of Ca** to SO,*~ (fig. 31)
reveals two trends: (1) the loss of Ca?*
and SO,*" due to SO *~ reduction and
precipitation of calcite and (2) the
loss of Ca?* within the well field due
to outgassing of CO, (as predicted by
Mehnert et al. 1999). Thus, the loss

of Ca?* and TDS in proximity of the
western well field is likely a combina-
tion of these two reactions.

To test further the hypothesis of
outgassing-induced precipitation

of calcite near the production wells,
the data obtained from the chemi-
cal analyses of water samples col-
lected from background wells and
production wells NTWC 55, NIWC 57,
and NIWC 58 (tables 9 and A2) were
used to model the geochemistry of
the groundwater. The REACT model
from The Geochemist’s Workbench®
(Bethke 1996) was used in this effort.
Outgassing was modeled by decreas-
ing the CO, in the groundwater

(shown as fugacity CO,) over the
ranges of values observed from archi-
val sample CHM 95D and produc-
tion well sample NIWC 57 (fig. 32A).
The equilibrium model predicted an
increase in pH of about 0.12 pH units,
whereas the equilibrium pH values
showed a change of 0.15 pH units (fig.
32A). The change in the field pH of the
groundwater for the 6 miles between
ISWS well CHM 95D (table A2) and
well NIWC 57 was between 0.1 and 0.2
pH units. The model predicted that,
for the given loss in the log fugacity
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CO, 0f 0.16, TDS concentration should
have decreased about 60 mg/L, which
was close to what was measured (fig.
32B). Associated with a loss of TDS,
the model also predicts calcite precip-
itation of approximately 30 mg/L (fig.
32C). In addition, the CO, outgassing
equilibrium model predicted a total
carbon in water loss of approximately
10.5 mg/L between CHM 95D and
NIWC 57 (fig. 32D). However, equi-
librium concentrations between the
two wells show only about 6 mg of dif-
ference in their total carbon contents
(fig. 32d). The equilibrium geochemi-
cal modeling predicted very similar
changes in chemical parameters that
were observed for equilibrium condi-
tions and items that were actually
measured. Because the modeling
accurately predicted a loss of TDS
and precipitation of minerals, and we
observed decreases in the concentra-
tions of TDS, Ca**, HCO,™ and other
constituents [SiO, and Fe (table A2)]
between the monitoring wells and
the 3 production wells, it is likely that
some calcite and perhaps other min-
erals were precipitating in close prox-
imity to the production wells.

Physical Evidence The apparent
enrichment of calcite in the sand and
gravel of the Mahomet aquifer near
well NIWC 57 relative to reference
samples, as determined by XRD (per-
cent of calcite in tables 1, 2, and 3), is
interpreted as physical evidence of
the precipitation of calcite within the
Mahomet aquifer that was observed
in the core samples. Because the
reference samples of the Mahomet
aquifer were collected using forward
rotary drilling techniques, the fine
fraction may have been underrepre-
sented in these samples. Alternatively,
a comparison of the fine fractions
(calcite/quartz ratios) from smeared
XRD samples should provide a less
biased comparison between borehole
samples from near well NIWC 57 and
background boreholes. That is, the
remaining fine fraction should retain
its original mineralogic composition
and reflect the addition of any authi-
genic calcite that might have pre-
cipitated within the aquifer, whereas
the bulk pack samples would not.
Smear samples from boreholes NIWC
57-1 and NIWC 57-2 show average
calcite/quartz ratio values of 5.40 and

90

3.92, respectively (table 4). A single
value from a reference borehole had

a calcite/quartz ratio value of 1.27
(table 1). Thus, these limited observa-
tions from the calcite data support the
enrichment of calcite in the vicinity of
well NIWC 57.

Although the calcite-cemented nod-
ules appeared to be strong evidence
of cementation in the sand and gravel
aquifer near well NTWC 57, “C dates
of the calcite cement showed that
these features were cemented tens

of thousands of radiocarbon years
before the installation of well NIWC
57. Specifically, the samples yielded
only 0.35 pmc (percent modern
carbon) for the two samples of cement
separated from the nodule and 0.03
pmc for the bulk sample (table 5). If
the calcite cement had been recently
precipitated, it should have had a “C
activity similar to that of the dissolved
inorganic carbon (23 to 26 pmc)
measured in groundwater samples
from NIWC 57 and NIWC 57-1M. The
calcite cement samples may not have
been pure and may have contained
some ancient clasts. Thus, the lowest
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Figure 30 Activity diagram for HCO,~ and Ca** showing the
location of groundwater from well NIWC 57 (red dot). The
location of the groundwater sample shows that the ground-
water from the Mahomet aquifer at this location is oversatu-
rated with respect to calcite.

Figure 31 Comparison of Ca** to SO 2~ revealing that back-
ground observation wells in the vicinity of the recharge area
of the Mahomet aquifer (northern Champaign County) are
losing Ca** and SO > to SO,*" reduction and concomitant
precipitation of calcite as groundwater flows downgradient
toward the western well field. In the vicinity of the production
wells, calcium is probably being precipitated as a result of
outgassing of CO,,.
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Figure 32 Geochemical modeling results and observed results using groundwater data from observation well CHM 95D.
For this model, dolomite, strontianite, and witherite were not allowed to precipitate, and equilibrium values for groundwater
samples are shown. The observed loss of CO, fugacity (fCO,) from reference wells to western well field wells corresponds
with these observed results: (A) pH increased 0.1 to 0.16 pH units (the model predicted an increase of 0.08 to 0.15 pH
units); (B) a loss of 56 to 86 mg/L total dissolved solids (prediction, 42 to 68 mg of TDS/L); (C) precipitation of about 30
mg of calcite/L; and (D) a loss of 5.5 to 10.7 mg/L carbon (prediction, 7.5 to 12 mg/L), strongly suggesting the occurrence
of outgassing and calcite precipitation within the Mahomet aquifer in proximity to the western well field. “NIWC” indicate
production wells of the IL-AWC; “CHM” indicate lightly pumped observation wells drilled by Illinois State Water Survey. The
diagrams were generated using The Geochemist’'s Workbench® (Bethke 1996).

14C activity expected for the cement
if it were recently precipitated would
be approximately 8 pmc for the bulk
sample, assuming 35% porosity. The
much lower “C activity of the cement
indicates that it was precipitated
sometime between 1.6 million years
B.P. (the beginning of the Pleisto-
cene Epoch) and tens of thousands

of radiocarbon years B.P., and not as
aresult of pumping activities in the
western well field.

The SEM images from the Teflon
filters provided more conclusive
evidence for precipitation of calcite.
The calcite euhedral crystals filtered
from the water discharging from

well NIWC 55 were clear evidence
that calcite was precipitating within
the aquifer and/or gravel pack of the
production wells. These crystals were
probably most visible in the filtered
material from well NIWC 55 because
of the paucity of other detrital materi-
als and bacterial matter relative to the
other two production wells sampled.
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Figure 33 Effect of pumping rate on concentration of Ca?*
in groundwater samples collected from three production
wells in the western field and six observation wells else-
where in the Mahomet aquifer (data from Mehnert et al.
1999). CHM, lightly pumped observation wells drilled by the
Illinois State Water Survey; NIWC, production wells of the IL-
AWC. Greater Ca?* concentrations in wells CHM 96A, CHM
96B, and CHM 96C are, in part, related to greater SO 2~

concentrations in these wells (table A2).

The relatively large calcite fragment
found on the filter from NIWC 55
shows evidence of dissolution and
reprecipitation and suggests that
some of these crystals have been pres-
ent in the aquifer and/or gravel pack
longer than the time required to travel
up the borehole from the well screens
(approximately 1 minute or less).

Because the calcite saturation indi-
ces of groundwater samples from

the three production wells were only
about 0.25 (Mehnert et al. 1999), the
kinetics of calcite precipitation would
be sluggish (Appelo and Postma
1994). However, the agitation of the
groundwater close to the production
wells caused by the higher velocities
and lower pressure within the gravel
pack and adjacent aquifer could
facilitate the release of CO, and help
overcome the kinetics problem. For
example, Herman and Lorah (1988)
used geochemical modeling to predict
the precipitation of calcite along a
karst stream. They found that calcite
precipitated at waterfalls at a rate
much greater than that predicted by
their stream model. Even though the

of the IL-AWC.

flow regime of the groundwater near
the well is not altogether comparable
with that of a waterfall, the increase
in the energy of the flow systems in
both cases causes agitation and CO,
outgassing from the water. Carbon
dioxide outgassing and concomitant
encrustation of water well screens
are common problems in many wells
(Mogg 1971, Bruce 1976, Johnson
Division 1982) and was suggested by
Mehnert et al. (1999) as a possible
reason for the loss of specific capac-
ity of wells in the NIWC western well
field. Calcite encrustation of well
screens has been cited many times in
the literature, but only the Johnson
Division (1982) source mentioned
the precipitation of carbonate min-
erals within the aquifer itself. That
situation involved the encrustation
of awell in fractured sandstone in
Lansing, Michigan. Blasting of the
well resulted in samples of sandstone
that revealed encrustation extending
about 0.5 inches into the aquifer.

In addition to their chemical effects,
pumps induce physical effects on
groundwater that may be of concern.

Pumping rate (L/s)

Figure 34 Variation in total dissolved solids (TDS) with an
increase in pumping rate is thought to reflect the precipita-
tion of calcite and other minerals within the aquifer sur-
rounding the three IL-AWC production wells relative to six
observation wells located elsewhere in the Mahomet aqui-
fer (data from Mehnert et al. 1999). CHM, lightly pumped
observation wells drilled by ISWS; NIWC, production wells

The water interacts with the pump or
blades of a submersible-centrifugal
pump. Such interaction can initiate
outgassing and can create partial
vacuums in lines that result in signifi-
cant outgassing of volatile constitu-
ents in the water. Geochemical data
from the analysis of water samples
collected from the Illinois State Water
Survey and production wells (table
A2) showed that the concentrations
of Ca?*" and TDS in the groundwater
decreased as the rate of pumping
increased (figs. 33 and 34). The Ca?*
concentrations in groundwater sam-
ples collected from the wells CHM 96,
CHM 95, and CHM 94 (fig. 4) reflect
the broad range of the Ca?* content in
the Mahomet aquifer in Champaign
County.

Transport of the Fine
Fraction of Minerals

Core Samples Agglomeration of

the fine fraction (<325 mesh or <44
um) within the samples from the
Mahomet and Glasford aquifers was
apparent under binocular and petro-
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graphic microscopy. As stated earlier,
the mineral composition of the fine
fraction included clay minerals (illite,
kaolinite, and chlorite), dolomite,
quartz, and feldspar. Because clay
minerals in the fines were enriched in
the samples collected from borehole
NIWC 57-1 compared with those in
samples collected from NIWC 57-2
and because of the abundance of
fine-grained mineral fragments col-
lected on the filters, as shown by SEM
analyses (figs. 14 to 17), we concluded
that groundwater flowing toward the
pumping well was transporting very
fine-grained minerals toward the well
screens. These clay minerals could
play a role in the reduction of specific
capacity of well NIWC 57 (and other
production wells) by combining with
iron-rich biofilms on the well screen
and within the gravel pack to par-
tially reduce the available porosity
and reduce the hydraulic conductiv-
ity in the immediate vicinity of the
well.

The cessation of pumping prob-
ably resulted in at least temporary
deposition of these fine-grained
materials (including clay minerals,
viruses, and bacteria particles in the
size range of 20 ym to 5 ym) in the
vicinity of the production well. The
transport of fine-grained materials
through porous media is well known
(Domenico and Schwartz 1990).
McDowell-Boyer et al. (1986) found
that the accumulation of a small
volume of fine particles was capable
of significantly reducing the perme-
ability of a porous medium by occlud-
ing the pore spaces.

As stated earlier, the gravel pack of
well NIWC 57 may have been too
coarse for the particle size distribu-
tion of the adjacent aquifer. If this is
the case, fines from the aquifer could
have migrated into the gravel pack
and become trapped in pore spaces.
Unfortunately, it was not possible to
determine from the available data if
this actually happened at well NIWC 57.

Bacteria and Biofilm
Formation

According to Rittman (1993), a reduc-
tion in porosity within the aquifer

could occur as a result of the accu-
mulation of biological materials
through their growth, decomposition,
decay, and detachment. Because bio-
film-forming bacteria were detected
in groundwater samples collected
from well NIWC 57 (Mehnert et al.
1999), biofilm accumulation could
have reduced the porosity within the
Mahomet aquifer near the production
wells and in the gravel pack and well
screen of the wells.

In general, symptoms of the bio-
film formation on well screens may
include a gradual reduction in the
volume of groundwater discharged
from the well over a given period, an
increase in the drawdown of the well
for the same pumping rate (unre-
lated to changes in the piezometric
surface), cloudiness or coloring of
the water, and/or objectionable taste
and odor in the water. The increase
in drawdown or decrease in specific
capacity results from the reduction of
hydraulic conductivity of the gravel
pack and possibly the aquifer adja-
cent to the well, which results in a
decreased rate of flow for groundwa-
ter moving from the aquifer through
the gravel pack and into the well.
The formation and effect of biofilms
on well screens was summarized by
Alford and Cullimore (1999) as fol-
lows:

Biofilms form on and near a well
screen, and begin to coalesce into
aslimy glutinous mass. As the
glutinous mass grows, it reduces
the size of the openings of a well
screen and begins to interfere with
groundwater entering the screen. As
more material accumulates within
the mass, it increasingly restricts
the flow of groundwater. “Sudden
plugging” (complete occlusion of
the well screen) may occur when
the well is at 20 to 60% of its original
specific capacity.

The paucity of bacteria within the
Mahomet aquifer and the lack of vis-
ible biofilms or precipitation of iron
oxyhydroxide within the aquifer sam-
ples suggested that bacteria do signifi-
cantly reduce hydraulic conductivity
within the aquifer itself. However, it

is likely that iron-depositing bacteria

are indigenous to the Mahomet aqui-
fer (e.g., Chapelle 1993), and wells
within the aquifer have the potential
for iron-depositing bacteria to colo-
nize the well screens.

The bacterially generated deposits

of iron oxyhydroxide filtered from
groundwater during pumping of well
NIWC 57 are examples of what is
probably being deposited within the
gravel pack and on the well screens

of other production wells that have
exhibited significant reductions in
specific capacity. Iron-related bacteria
also were observed within the aqui-
fers and associated deposits overlying
the Mahomet aquifer.

Wedron Aquifer The concentration of
bacteria within the shallow Wedron
aquifer at 30 to 40 feet (graphic

logs for NIWC 57-1 and NIWC 57-2,
Appendix) was relatively large in
borehole NIWC 57-1, but not in NIWC
57-2 (tables 7 and 8). The bacteria
present consisted of Staphylococ-

cus faecium, Klebsiella pneumoniae,
and Bacillus spp. The presence of
fecal streptococci within this shal-
low aquifer intersected by NIWC 57-1
suggested that recharge rain and
snowmelt had been contaminated by
soil and animal waste. However, the
contamination does not appear to be
aquifer-wide. In borehole NIWC 57-2,
bacterial contamination was found
within the glacial till underlying the
shallow aquifer that was similar to
that found in NIWC 57-1, but without
fecal streptococci. This result was not
surprising given that fecal strepto-
cocci do not live long outside of the
host animal (Geldreich 1996). The
Aspergillus fumigatus found in NIWC
57-1 is commonly found on damp
organic materials and is ubiquitous
atland surface (Freeman 1985). The
occurrence of this fungus in the till
was likely the result of the presence of
organic debris (e.g., wood fragments)
trapped within the glacial till since its
deposition.

Glasford Aquifer Bacteria present in
the Glasford aquifer included Pseudo-
monas spp., Klebsiella pneumoniae,
and Bacillus spp. Concentrations were
greatest in borehole NIWC 57-1, sug-
gesting that these bacteria could have
been introduced during the drill-
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ing of well NTWC 57 (e.g., by the use
of contaminated drilling fluids that
flowed into the aquifer). Relatively
high concentrations of bacteria and of
organic material within the drill core
were correlated. For example, organic-
rich layers and pieces of wood were
found in the NIWC 57-1 drill core at
168.5 feet within the Glasford aquifer
where total aerobic bacteria concen-
trations ranged from 130 to 3,700 cfu
(table 7). The bacteria at this depth
could have been introduced during
drilling operations or could have been
present since deposition of the unit.

Mahomet Aquifer Bacteria were
detected in the Mahomet aquifer at a
depth of 250 feet and 300 feet in bore-
hole NIWC 57-1 (table 7). The isolated
nature of these bacteria suggested
that they might have been introduced
during our drilling and sampling
efforts or were isolated occurrences.
Borehole NIWC 57-2 has a 20-foot
section that contained over 5,000 cfu
of iron-reducing bacteria (table 8).
This location was also the site of what
appeared to be a gray film on the sand
and gravel of the drill core during
sampling. The “film” was later deter-
mined to be an accumulation of dolo-
mite-enriched fines. The origin of the
fines is not known and was beyond
the scope of this investigation.

Given the groundwater chemistry and
conditions in the vicinity of the pro-
duction well, the precipitation of iron
oxyhydroxide from the groundwater
near the production wells is likely.
Iron concentrations in groundwater
collected from production wells (pres-
ent as Fe*") ranged from 0.91 to 1.31
mg/L (table A2; Mehnert et al. 1999).
Figure 35 shows the solid and dis-
solved forms of iron under various pH
and redox potential (Eh) conditions.
For the groundwater sample collected
from well NIWC 57, values fell on the
boundary between iron oxyhydroxide
(Fe(OH),) and siderite (FeCO,). The
sample was also close to the bound-
ary for ferrous iron (Fe?"). A small
shift in Eh, which can be caused by
an influx of O, or a shift in pH from
the outgassing of CO,, can cause
precipitation of solids. Thus, the geo-
chemistry of the groundwater sample
from well NIWC 57 shows that stable
iron oxyhydroxide and siderite could
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Figure 35 Redox potential (Eh)-pH activity diagram showing the stability fields
for some dissolved and solid forms of iron. The Eh-pH of the groundwater sample
collected from well NIWC 57 plots near the intersection of the ferrous iron, sider-
ite, and iron oxyhydroxide stability fields. (ppd), precipitated; (c), crystalline. The
diagram was generated using The Geochemist’'s Workbench® (Bethke 1996).

have formed. Other evidence indi-
cates that iron-rich solids apparently
have precipitated on the well screens,
albeit through biologically mediated
reactions.

Suspended Solids The analyses of
groundwater samples and the collec-
tion and examination of suspended
solids filtered from three produc-
tion wells (NIWC 55, NIWC 57, and
NIWC 58) provided the best physical
evidence for the composition of the
materials that encrusted the well
screens. The iron-enriched tubercles
and cells found on the filters (figs.

23 to 28) suggested the presence of
iron-depositing bacteria at or near
the well screens and perhaps within
the gravel pack. The reddish orange
color of the filters from wells NIWC 57
and NIWC 58 and the abundance of
bacteria filaments and spores on the
filters from the three production wells
sampled suggested that there was

active, biologically mediated precipi-
tation of iron oxyhydroxide within the
wells. The possible bacteria respon-
sible for clogging the well screens
included the filamentous Leptothrix,
Crenothrix, Sphaerothilus, and Gal-
lionella spp., which are all common
iron-depositing bacteria that derive
energy from the oxidation of ferrous
iron (Geldreich 1996, Atlas and Bartha
1997). The twisted stalks (fig. 24) and
sheaths (fig. 25) are characteristic of
Gallionella and Leptothrix, respec-
tively (Banfield et al. 2000).

Other lines of evidence supported

the hypothesis that the biologically
mediated precipitation of iron oxy-
hydroxide was taking place at the

well screen. First, a downhole video
camera used during rehabilitation
efforts at well NIWC 57 revealed that a
dark-colored coating covered the well
screen. The coating had to be broken
free from the well screen using small
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explosive charges set against the
coating. Second, surging during reha-
bilitation efforts brought up water
colored dark brown to reddish brown
(G. Juriga, IL-AWC production super-
visor, personal communication 2000),
which also is indicative of the activity
of iron-depositing bacteria. NIWC 58
was rehabilitated in 1990, and a short
report on a downhole-camera video
of the well describes the well screen
as “heavily incrusted” and that “red
scale” was removed from the well
during the operation.

Ideal growth conditions for iron-
depositing bacteria include the pres-
ence of Fe*" (an energy source), O,
(an electron acceptor), and pH 6 to 7.5
(Ghiorse and Wilson 1988). Because of
the need for the simultaneous occur-
rence of reduced iron and the pres-
ence of O, (at redox transition zones),
the conditions found at a well screen
are most favorable for the growth of
Gallionella ferruginea and other iron-
depositing bacteria. Gallionella fer-
ruginea is an obligate aerobe that sur-
vives by oxidizing dissolved ferrous
iron to ferric iron (Chapelle 1993).

Bacteria such as Gallionella ferruginea
have a two-phase life cycle. The first is
amotile phase during which the cells
move around (fig. 25) and grow expo-
nentially. During the second phase,
resulting from changing environmen-
tal conditions, the bacterium pro-
duces abundant stalks and attaches
to surfaces (Hallbeck and Pedersen
1987). Because of its environmental
needs, the bacteria must live where
aerobic water mixes with anaerobic
water such as on well screens. The
iron-depositing Gallionella ferruginea
produces a sheath that commonly is
responsible for the clogging of well
screens (Chapelle 1993).

Because of the reducing conditions
that predominate in this part of

the Mahomet aquifer and the lack

of large concentrations of ions that
could serve as sources of oxygen (e.g.,
NO,) in the groundwater, it is not
clear where the bacteria obtain their
oxygen. Specifically, iron-deposit-
ing bacteria obtain energy to grow by
converting Fe?" to Fe*' through the
reaction

4Fe?" + 4H" + O, - 4Fe** + 2H,0.

The presence of iron-depositing
bacteria and the apparent buildup

of biogenic well scale on the screens
from two production wells indicate
that the bacteria are obtaining oxygen
from some source. Air could travel
through vents from the surface to well
casings. The drawdown and agitation
of the water during pumping could
provide the opportunity for air to be
transported into the groundwater in
the wells. When the production wells
shut off, an anti-siphon valve opens

at the well head and water flows rap-
idly back into the well, which could
entrain atmospheric O,. When the
wells are not in production, which
can be several months per year, atmo-
spheric O, may diffuse into the water
column within the wells and provide
O, for iron-depositing bacteria to
grow on the inside and outside of the
well screens and possibly within the
gravel pack. Any particular well may
be turned on and off several times
during the year. Borch et al. (1993)
state that cyclical pumping and pro-
longed idleness can increase biofilm
volume and plugging.

Nonvolatile organic carbon was pres-
ent in all three of the production wells
sampled and may have acted as a food
source for bacterial growth (Appelo
and Postma 1994). Concentrations of
dissolved organic carbon in NIWC 55,
NIWC 57, and NIWC 58 are 2.0, 3.5,
and 2.7 mg/L, respectively (Mehnert
etal. 1999; table A2).

The study results suggest that there is
a pumping-rate-related accumulation
of biofilms of iron-depositing bacte-
ria, detrital minerals, and authigenic
calcite crystals on the well screen
and possibly within the gravel pack.
This accumulation could explain the
observed progressive decrease in
specific capacity of the production
wells. The SEM evidence suggested
that the mineral matter was agglom-
erated by the bacteria on and around
the well screen. Costerton (1987)
found that biofilm-forming colonies
of bacteria in subaqueous environ-
ments initially attach to a surface
such as a well screen and form their
gelatinous biofilm (exopolysaccha-
ride glycocalyxes). This gelatinous
surface, with time, is capable of trap-
ping detrital materials that flow past

it. Costerton (1987) found that some
biofilms can be up to 97% clay and
detritus. In our present investigation,
pumping rates appeared to be related
to the particle size and quantity of
mineral and bacterial matter trapped
on the filters; that is, the greater the
pumping rate of the wells, the more
bacteria and mineral matter were col-
lected on filter media through which
equal quantities of groundwater had
passed. Because of the paucity of O,
sources within the aquifer, we suspect
that the amount of bacteria present in
the three production wells examined
is related to the amount of agitation
and air mixed with the water during
pumping and during well shutdowns.
Furthermore, the influx of nonvolatile
organic carbon on which the bacteria
could be feeding may have played a
role in their growth. Mineral matter
transported by high pumping rates
and the agglomeration of the trans-
ported materials by bacteria and
their biofilms are probably the pri-
mary reasons for the loss of specific
capacity of the production wells. We
emphasize that our suggestions of
possible source(s) of oxygen for the
growth of these bacteria are specula-
tive. Further exploration of this issue
by experimental means was beyond
the scope of our investigation.

Chemical Treatment of
IL-AWC Wells

Itis important to examine the types
of chemicals that are used for well
rehabilitation. Depending on the
nature of the problem encountered
at the well screens, chemical treat-
ment may mitigate or exacerbate the
problem. For example, according to
IL-AWC records, a blend of chemicals
was used to rehabilitate well NIWC 57,
including Calgon (sodium hexa-
metaphosphate), soda ash (sodium
carbonate), high-test hypochlo-

rite or calcium hypochlorite, and
Santomerse (alkyl aryl sulfonate).
Although high-test hypochlorite may
help inhibit bacterial growth, Calgon
could potentially leave behind phos-
phate in the well, which could act as
food for the bacteria. Thus, products
containing phosphate are not rec-
ommended for rehabilitating wells
(Layne Western, personal commu-
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nication 1999; George Alford, Alford
Inc., personal communication 2000).
Considering that the precipitation of
carbonate minerals may also have
occurred at the well screens, adding
soda ash, which contains carbon-
ate and sodium, may exacerbate the
problem of carbonate mineral pre-
cipitation by adding carbonate ions.
Thus, some of the chemicals added
may have had a detrimental effect
on the problems of well-screen scale
buildup.

Conclusions

For over 30 years, most of the IL-AWC
production wells screened in the
Mahomet aquifer have experienced
progressive loss of specific capacity. A
preliminary study of three of the wells
suggested that encrustation of calcite
at the well screens could be related to
the loss. Our study tested this hypoth-
esis and other possible scenarios.
Core samples from two boreholes
drilled 15 and 60 feet from production
well NIWC 57 were collected using
minimally disruptive rotasonic drill-
ing techniques. Carbon-14 dating of
calcite cement nodules found in the
borehole closest to NIWC 57 showed
that the nodules formed more than
45,000 years ago and were unrelated
to well operations.

Thin section and XRD revealed fines
and clay enrichment of samples
obtained from the borehole adjacent
to NIWC 57. We theorized that the
abundance of fines and clay minerals
were drawn toward the well during
pumping operations.

Bacterial analysis of core samples
from wells NIWC 57-1 and NIWC 57-2
revealed the presence of aerobic and
iron-depositing bacteria within sam-
ples from the aquifers. Soil bacteria
were found in samples from two of the
wells, and iron-related and sulfate-
reducing bacteria were found in all
three wells. The SEM analysis of mate-
rials caught on filters from the three
production wells showed the presence
of bacteria-related iron deposits and
bacterial biofilms. These materials
were directly related to well pumping
rates. The presence of euhedral crys-
tals of calcite suggests that there may
be calcite precipitation near the wells.

Chemical analyses showed decreases
in TDS and other constituants for
groundwater samples within the

well field compared with results

for monitoring wells further away.
Geochemical equilibrium modeling
accurately predicted the observed
changes in pH, TDS, Ca?*, and carbon
concentrations for the production
wells.

Geochemical, XRD, SEM, and bac-
terial analyses indicated that the
progressive loss of specific capacity
of well NTWC 57 (and probably other
wells in the IL-AWC western well field)
directly resulted from iron oxyhy-
droxides due to bacterial activity and
the migration and co-accumulation
of suspended matter (including authi-
genic calcite from CO, outgassing

and fine, detrital mineral fragments)
on well screens and probably in the
oversized gravel pack surrounding the
well screens.

Recommendations for
Additional Research

Water company owners could take a
number of actions to further investi-
gate the causes for the loss of specific
capacity of their production wells.
Inspection of the well screens with a
downhole camera would quickly indi-
cate whether the screens were being
encrusted.

The collection and analysis of any
encrustation on the well screens (by
techniques described herein) could
provide invaluable information as to
the nature of the problem. This infor-
mation also could be used to identify
appropriate, commercially available
remediation techniques. In addition,
water companies could use available
information in their records

1.To determine whether the pumping
rate is directly related to the loss of
specific capacity, as suggested by
the results of this investigation, and
data from records from the IL-AWC
and other water companies with
high-capacity wells in confined
aquifers

2.To identify the optimum pumping
rates to minimize loss of specific
capacity, if it is confirmed that the

pumping rate is directly related to
specific capacity loss

3.To determine how oxygen is reach-
ing the well screens (e.g., as a func-
tion of well construction and/or the
effects of shutting off the well for
extended periods), by examining
records of changes in specific capac-
ity and down time and differences
in the construction for production
wells

4.To determine which well-construc-
tion techniques minimize exposure
to atmospheric oxygen, and/or
adjust pumping schedules to mini-
mize down time for wells if oxygen
is reaching the well screens because
of well construction and/or down
time.

Collecting these types of informa-
tion would help operators understand
the causes for decreases in specific
capacity and help them determine the
steps to be taken to help resolve the
problem.
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Appendix
Detailed Descriptive Log for Borehole NIWC 57-1

Illinois State Geological Survey
NIWC 57-1

Location: Champaign County, SW %, SW Y4, SE %, Section 3, T19N, ROSE

Elevation: 750 ft (msl)

Total depth: 333 ft

Date started: 7/12/99

Drilling method: Rotasonic by Boart Longyear

Location: North side of well house

Core descriptions: David R. Larson and Ardith K. Hansel

Geophysical logs: Natural gamma run inside 2-inch schedule 80 PVC to depth of only 135 ft
Comments: Water level in drill stem at depth 35 ft was 16.2 ft below land surface (elevation = 733.8 ft)

Depth (ft) Thickness (ft) Description

0.0-3.3 3.3 Silt, dark brown (10YR 3/3), moderately clayey, noncalcareous; topsoil
3.3-5.0 1.7 Silt, dark yellowish brown (10YR 3/6), loose to blocky texture, noncalcareous; occa-
sional dark brown streaks that are moist
Wedron Group
5.0-10.0 5.0 Clay, light olive-brown (2.5Y 5/4), very silty to clayey silt, sandy with pebbles; slightly
stiff, moderately sticky, slightly calcareous; some olive-brown (2.5Y 4/4) mottles and
inclusions
10.0-11.0 1.0 Clay, as above, with some dark gray (2.5Y 4/1) mottles
11.0-27.5 16.5 Clay, dark gray (2.5Y 4/1), moderately silty, slightly to moderately sandy and pebbly
with occasional cobbles, slightly to moderately calcareous
27.5-27.9 0.4 Sand, very fine to very coarse, mostly medium to coarse, slightly to moderately well
sorted; gravelly sand at 27.0 ft
27.9-28.2 0.3 Clay, as at 10.7-27.0 ft
28.2-28.5 0.3 Sand, as at 27.0-27.9 ft
28.5-34.0 5.5 Clay, as at 11.0-27.5 ft
34.0-40.0 6.0 Sand and gravel, olive-brown to olive-gray, very fine sand to coarse gravel, mostly very

coarse sand to medium gravel, poorly sorted, tends to coarsen downward; abundant
subangular to subrounded quartz, shale, and carbonate grains with igneous rock frag-
ments; slightly silty and clayey

40.0-41.0 1.0 Sand and gravel, very fine sand to fine gravel, mostly fine to medium sand with sparse
fine gravel, moderately well sorted; slightly silty; abundant subangular to subrounded
shale and quartz grains with igneous rock fragments

41.0-41.9 0.9 Sand and gravel, very fine sand to coarse gravel with a few cobbles, poorly sorted; silty

41.9-76.9 35.0 Clay, dark gray (2.5Y 4/1), slightly to moderately silty, slightly to moderately sandy with
very fine to very coarse sand, sparse coarse to very coarse sand; slightly to moderately
pebbly with fine gravel; slightly calcareous; stiff, dense, very compact, moderately
cohesive

76.9-92.0 15.1 Clay, dark grayish brown (10YR 4/2), very silty, slightly to moderately sandy and
pebbly; slightly calcareous; massive, compact, dense; mottles of very dark gray (10YR
3/1) clay in upper 0.9 ft
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Clay, very dark grayish brown (10YR 3/2), very silty, slightly to moderately sandy and
pebbly with very fine sand to medium gravel; moderately calcareous; massive, com-
pact, dense; very dark gray (10YR 3/1) mottles in upper 0.9 ft

Clay, dark grayish brown (10YR 4/2), very silty, slightly to moderately sandy with very
fine to very coarse sand, moderately pebbly with fine to medium gravel; slightly to
moderately calcareous; massive, compact, dense; occasional thin lenses of very fine to
fine sand, well sorted, silty, and clayey

Clay, very dark gray (N3/) to black (N2.5/), silty

Clay as at 97.0-99.5 ft; thickest sand lense (0.2 inch) is at 102.2 ft

Silt, dark grayish brown (10YR 4/2), slightly sandy with very fine to fine sand, slightly
clayey; noncohesive, soft; slightly to moderately calcareous

Clay as above 97.0-99.4 ft; color gradually changes to very dark grayish brown (10YR

Glasford Formation

Clay, very dark grayish brown (2.5Y 3/2), very silty to clayey silt; soft, slightly cohesive;
moderately calcareous; a few carbonate dropstones; laminated; also some darker,
organic laminations; slightly calcareous, lighter grayish brown laminations of silt and

Sand, dark gray (2.5Y 4/1), very fine to fine, well sorted; slightly silty; mostly
subrounded grains; laminations of silt and sandy silt

Clay, dark gray (5Y 4/1) to very dark gray (5Y 3/1), very silty to clayey silt, slightly to
moderately sandy with very fine to very coarse sand, slightly to moderately pebbly
with fine gravel and occasional coarse gravel to cobbles; stiff, compact; slightly
calcareous, becomes somewhat more calcareous with depth; very dark gray (5Y 3/1)
undulating upper boundary

Clay, as at 126.6-140.0 ft, but somewhat softer, slightly more sandy, and less
pebbly and calcareous

Sand, very fine to medium, mostly fine, well sorted; mostly subrounded to rounded
quartz grains with some shale and igneous rock fragments; very slightly calcareous;
coarsens downward to sand and gravel below

Sand and gravel, very fine sand to medium gravel, mostly coarse sand to fine gravel,
poorly sorted to slightly well sorted; coarse fraction has abundant carbonate grains;
slightly silty and clayey at 158.0-159.0 ft; slightly to moderately calcareous;

shell fragments present

Sand, grayish brown overall, very silty to sandy silt; very fine to fine with some
medium, well-sorted, mostly rounded quartz grains; laminated with thin layers
and lenses of gray (5Y 5/1) to dark gray (5Y 4/1), moderately to very calcareous silt

Silt, gray (5Y 5/1) to dark gray (5Y 4/1), noncohesive, soft; moderately to very

Sand, very fine to fine, mostly fine, well sorted; mostly rounded quartz grains with
igneous rock fragments and black shale; slightly calcareous; 0.2 ft thick, black organic-
rich layer with wood fibers at 168.5 ft; 0.3-ft-thick layer of gray silt at 168.0 ft; sparse
fine gravel at 169.0-171.0 ft

Sand and gravel, very fine sand to medium gravel, mostly fine to coarse sand with rare

medium gravel, poorly sorted to slightly well sorted; abundant rounded quartz grains
with subangular to subrounded shale and carbonate grains common

Depth (ft)  Thickness (ft) Description
92.0-97.0 5.0
97.0-99.5 2.5
99.5-100.0 0.5
100.0-100.5 0.5 Igneous rock
100.5-109.4 8.9
109.4-110.3 0.9
110.3-121.5 11.2
3/2) with depth
121.5-126.1 4.6
silty sand
126.1-126.6 0.5
126.6-140.0 13.4
140.0-150.0 10.0
150.0-158.0 8.0
158.0-161.0 3.0
161.0-162.0 1.0
162.0-163.0 1.0
calcareous
163.0-179.0 16.0
179.0-180.0 1.0
180.0-188.0 8.0

Sand and gravel, very fine sand to medium gravel, mostly very fine to medium sand,
some coarse to very coarse sand, and rare fine to medium gravel, moderately well
sorted to well sorted; abundant subrounded to rounded quartz grains with shale,
igneous rock fragments, and carbonates common; coarsens downward with coarse
sand to medium gravel more prevalent, slightly to moderately well sorted to poorly
sorted near 188.3 ft
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Depth (ft) Thickness (ft) Description

188.0-190.0 2.0 Sand and gravel, very fine sand to coarse gravel, mostly coarse sand to fine gravel; very
clayey to very sandy and pebbly clay; moderately calcareous

190.0-191.0 1.0 Sand, olive-brown overall, very fine to fine, well sorted; mostly rounded quartz grains

191.0-197.0 6.0 Sand and gravel as above 188.0-190.0 ft, but very fine to medium sand more common
below 196.6 ft
Banner Formation

197.0-201.0 4.0 Silt, gray (2.5Y 5/1), slightly clayey, soft, noncohesive; slightly to moderately

calcareous, occasional black organic flecks; 0.3 ft layer of very dark grayish brown
(2.5Y 3/2), calcareous, very clayey silt to silty clay at 199.0 ft; laminated below 199.0 ft
with silt and clayey silt/silty clay

201.0-205.0 4.0 Clay, dark gray (2.5Y 4/1), very silty to clayey silt; slightly to moderately sandy with very
fine to very coarse sand, slightly to moderately pebbly with fine to medium gravel that
is mostly carbonate and shale; dense, compact, noncohesive; calcareous

205.0-224.0 19.0 Clay, dark grayish brown (2.5Y 4/2) to very dark grayish brown (2.5Y 3/2), very silty to
clayey silt; slightly sandy with very fine to very coarse sand, slightly pebbly with fine to
medium gravel; dense, compact, noncohesive, blocky to platy texture; slightly to
moderately calcareous; occasional thin layers of sand, very fine to very coarse, mostly
medium to coarse, slightly well sorted; abundant rounded quartz grains; thin
saturated silty clay layers at 216.0 ft and 217.0 ft

Mahomet Sand Member

224.0-225.0 1.0 Sand, olive-gray overall, very fine to very coarse sand with occasional fine gravel,
mostly fine to medium sand, moderately well sorted; mostly subrounded to rounded
quartz grains with shale grains; some very thin layers of silt at 224.9-225.0 ft

225.0-226.2 1.2 Sand, olive-brown overall, very fine to very coarse sand with rare fine gravel, mostly
fine to medium sand, moderately well sorted to well sorted; mostly subrounded to
rounded quartz grains with shale and carbonate grains and some igneous rock
fragments; slightly calcareous

226.2-230.0 3.8 Sand and gravel, olive-brown overall, very fine sand to fine gravel with occasional
medium to coarse gravel and sparse cobbles, mostly medium to coarse sand, slightly
to moderately well sorted; mostly shale, carbonates, and quartz grains; slightly
calcareous

230.0-252.0 22.0 Sand, as at 225.0-226.2 ft, but somewhat lighter olive-brown; moderately
calcareous with occasional clumps of very calcareous, very fine to fine silty sand that
when dry breaks apart into angular, blocky pieces; rare medium gravel to cobbles;
several thin silty sand layers at 245.0-246.0 ft

252.0-263.0 11.0 Sand and gravel, olive-brown to olive-gray overall, very fine sand to fine gravel with
sparse medium to coarse gravel, mostly fine to very coarse sand, poorly sorted; fines
mostly subrounded to rounded quartz and carbonates with shale, rest mostly sub-
angular carbonates, shale, and quartz with igneous rock fragments; occasional thin
silty and clayey layers that make “clay balls”; several nodules of cemented sand and
gravel 0.5 inch or less in diameter at 252.0, 255.0 ft, and 259.0 ft

263.0-268.0 5.0 Sand, very fine sand to coarse, mostly fine to medium; well sorted; sparse coarse
gravel in sand matrix; mostly subrounded to rounded quartz grains with shale and
carbonates

268.0-271.0 3.0 Sand and gravel, very fine sand to coarse gravel, mostly medium to coarse sand with

about 10% gravel, poorly sorted; fines mostly subrounded to rounded quartz and
abundant black grains (small nodule of cemented sand and gravel noted in thin sec-
tion made from the 270-ft sample)

271.0-275.0 4.0 Sand and gravel, as at 268.0-271.0 ft with about 40% gravel; grades to unit below

275.0-285.0 10.0 Sand and gravel, as at 268.0-271.0 ft with about 20% gravel to cobbles; coarse
fraction mostly shale, chert, igneous rock fragments, and quartz; fines downward to
sand below
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Sand, very fine to very coarse, mostly medium to coarse, slightly to moderately well
sorted; rare fine gravel in sand matrix

Sand and gravel, very fine sand to fine gravel, mostly fine to coarse sand with about
10% gravel, slightly to moderately well sorted; slightly calcareous

Sand, gray to olive-gray overall, very fine to coarse, mostly fine to medium, well
sorted; abundant rounded to subrounded quartz grains; slightly calcareous

Sand and gravel, very fine sand to coarse gravel and cobbles, poorly sorted; slightly

Sand and gravel, very fine sand to coarse gravel and cobbles, poorly sorted; about
30% gravel with 10% coarse gravel and cobbles; four 1.0-inch-diameter nodules of
cemented sand and gravel at 295.0 ft, 3 nodules of cemented sand and gravel 1.0-2.5
inches in diameter at 297.5 ft

Clay, very dark gray (5Y 3/1) to dark olive-gray (5Y 3/2) or very dark grayish brown
(2.5Y 3/2); very silty to clayey silt; slightly to moderately sandy with very fine to very
coarse sand, slightly pebbly with fine to medium gravel; massive, compact, dense;
moderately calcareous; coal, sandstone, carbonate, and quartz clasts; some lamina-

Silt, very dark grayish brown (2.5Y 3/2); moderately clayey; compact, dense, slightly
cohesive; thin laminations apparent throughout; moderately calcareous; slightly to
moderately micaceous below 315.0 ft

Silt, dark gray (5Y 4/1), moderately clayey, laminated with very dark gray (5Y 3/1) very
silty clay; compact, dense; slightly to moderately cohesive; slightly calcareous; with
some laminations of gray (2.5Y 6/1) to light gray (2.5Y 7/1) and dark grayish brown
(2.5Y 4/2); lighter color laminations are noncalcareous

Silt, very dark brown (10YR 2/2), slightly to moderately clayey, slightly sandy with very
fine sand, slightly pebbly with fine to medium gravel (dropstones?); crumbly and loose

Clay, black (5Y 2.5/1 to 5Y 2.5/2), very silty, slightly to moderately sandy with very fine
to fine sand; massive, dense, compact; noncohesive; very slightly calcareous

Clay, dark olive-gray (5Y 3/2) with mottles of very dark brown (10YR 2/2) and dark
greenish gray (5GY 4/1); very silty; dense, compact; noncohesive; breaks with blocky

Sand, black (5Y 2.5/2), very fine to medium, mostly fine, well sorted; moderately silty;
mostly subrounded to rounded quartz? grains

Clay, black (5Y 2.5/2), very silty to clayey silt; slightly to moderately sandy with very
fine to very coarse sand; slightly to moderately pebbly with fine to coarse gravel;
dense, compact; noncohesive, breaks with blocky texture; noncalcareous

Sand, dark olive-gray (5Y 3/2), very fine to medium, mostly fine, well sorted; moder-
ately silty; mostly subrounded to rounded quartz? grains

Clay, black (5Y 2.5/2), as at 328.0-329.0 ft but with clasts of black shale
Pennsylvanian bedrock

Depth (ft) Thickness (ft) Description
285.0-286.0 1.0
286.0-287.5 1.5
287.5-293.0 5.5
293.0-294.0 1.0
calcareous
294.0-298.0 4.0
298.0-310.0 12.0
tions below 308.0 ft
310.0-316.0 6.0
316.0-320.0 4.0
320.0-321.6 1.6
to slightly cohesive
321.6-323.9 2.3
323.9-326.0 2.1
texture
326.0-328.0 2.0
328.0-329.0 1.0
329.0-329.5 0.5
329.5-331.0 1.5
331.0-333.0 2.0

Total depth = 333 ft

Shale, very dark gray (5Y 3/1) to 331.5, black (5Y 2.5/1) below 331.5 ft; dense, compact;
friable; noncohesive; noncalcareous; coal at 333 ft
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Depth (ft)
0 ===== Silt, yellowish brown

° ~Top of Wedron Group
Clay, silty, sandy, and pebbly (till), some thin sand and gravel beds
34
42 Sand and gravel
Clay, silty, sandy, and pebbly (till), some thin sand and gravel beds
120 —— | —~Topof 'Glasforfl qumation .
127 —— Clay, laminated with silt, sand, and organics
Clay, silty, sandy, and pebbly (till)
150
Sand, very fine to fine with some medium, some gravelly layers present
179
Sand and gravel
197 /_Top of Banner Formation
201 Silt
Clay, silty, sandy, and pebbly (till)
224 Top of Mahomet Sand Member
Sand, very fine to very coarse, with
coarse gravel and some cobbles
298
Clay, silty, sandy, and pebbly (till)
310
Clay, silt, and sand
— Figure A1 Graphic log for borehole
gg; E===  Bedrock NIWC 57-1. Numbers are rounded.
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Detailed Descriptive Log for Borehole NIWC 57-2

Illinois State Geological Survey
NIWC 57-2

Location: Champaign County, SW %, SW Y4, SE %, Section 3, T19N, ROSE
Elevation: 747 ft (msl)

Total depth: 310 ft

Date started: 7/20/99
Drilling method: Rotasonic by Boart Longyear

Location: 60 ft southeast of well house

Core descriptions: David R. Larson and Christopher J. Stohr

Geophysical logs: Natural gamma run inside 2-inch schedule 80 PVC to depth of only 140 ft

Silt, dark brown (10YR 3/3), slightly to moderately clayey, slightly sandy with very fine
to fine sand, very slightly pebbly with rare to occasional fine to medium gravel; crum-
bly with blocky texture; noncohesive to very slightly cohesive; very slightly calcareous

Silt, dark brown (7.5YR 3/3), with yellowish brown (10YR 5/6) mottles; as at 0.0-1.9 ft

Silt, light olive-brown (2.5Y 5/4), slightly to moderately clayey, slightly to moderately
sandy with very fine to very coarse sand, slightly pebbly with fine to medium gravel;
compact, slightly cohesive, somewhat stiff; breaks with blocky texture; a few oxidation

Sand, light olive-brown (2.5Y 5/6), very fine to medium, mostly fine, well sorted; pre-
dominantly subrounded to rounded quartz grains; saturated

Silt, light olive-brown (2.5Y 5/4), as at 9.9-10.0 ft

Silt, dark gray (10YR 4/1) with mottles of light olive-brown (2.5Y 5/4), slightly to mod-
erately clayey; slightly to moderately sandy with very fine to very coarse sand, mostly
very fine to fine sand; slightly pebbly with mostly fine to medium gravel and rare
coarse gravel, usually flat, tabular, subangular to subrounded shale; stiff, compact;
slightly to moderately cohesive; slightly to moderately calcareous, moderately calcare-

Silt, dark gray (5Y 4/1), moderately clayey, slightly to moderately sandy with very fine
to very coarse sand, mostly very fine to fine sand; slightly pebbly with mostly fine to
medium gravel and rare coarse gravel, usually flat, tabular, subangular to subrounded
shale; somewhat stiffer and more compact than silt above; moderately cohesive; mod-

Sand, gray overall, very fine to coarse, mostly fine with medium, well sorted occa-
sional fine gravel that is mostly shale pebbles; coarsening downward to very fine to
very coarse sand, slightly to moderately well sorted; shale pebbles somewhat more

Sand and gravel, gray overall, very fine sand to coarse gravel, mostly fine to coarse
sand, rare coarse gravel, poorly sorted to slightly well sorted, becoming poorly sorted
at 39 ft; mostly quartz with shale, igneous rock fragments, and carbonate grains

Sand, very fine to medium

Silt, grayish brown (2.5Y 5/2) mottled with gray (2.5Y 5/1), becomes darker with depth
to dark grayish brown (2.5Y 4/2); slightly to moderately sandy with very fine to very
coarse sand; slightly pebbly with fine to coarse gravel; cohesive, compact; moderately

Depth (ft) Thickness (ft) Description
0.0-1.9 1.9
1.9-5.0 3.1
5.0-9.9 4.9
mottles
9.9-10.0 0.1
Wedron Group
10.0-11.0 1.0
11.0-22.0 11.0
ous below 20 ft
22.0-31.0 9.0
erately calcareous
31.0-35.0 4.0
abundant
35.0-39.0 4.0
39.0-39.5 0.5
39.5-45.0 5.5
calcareous
45.0-74.0 29.0

Silt, as at 39.5-45.0 ft but dark gray (5Y 4/1)
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Sand, very fine to medium, well sorted; mostly subrounded to rounded quartz grains;

Silt, dark gray (5Y 4/1) as at 45.0-74.0 ft

Silt, dark grayish brown (2.5Y 4/2) to olive-brown (2.5Y 4/3); moderately clayey, slightly
to moderately sandy with very fine to very coarse sand, moderately pebbly with fine to
coarse gravel; dense, compact, slightly cohesive, moderately calcareous

Silt, dark gray (5Y 4/1), slightly to moderately clayey, slightly to moderately sandy with
very fine to very coarse sand, moderately pebbly with fine to coarse gravel; dense,
compact, slightly crumbly to slightly cohesive; moderately to very calcareous

Silt, dark grayish brown (10YR 4/2) to brown (10YR 4/3), slightly clayey, slightly sandy
with very fine to very coarse sand, slightly to moderately pebbly with fine to coarse
gravel; dense, compact, blocky texture; moderately calcareous; thin seams of very fine
to fine, well sorted, silty, sand at 102 ft and 104 ft; mostly rounded quartz grains

Silt, very dark grayish brown (2.5Y 3/2), slightly to moderately clayey, slightly sandy
with very fine to very coarse sand, slightly pebbly with fine gravel; stiff, compact,
dense; slightly cohesive to crumbly; slightly calcareous

Silt, very dark grayish brown (2.5Y 3/2), moderately clayey, slightly sandy very fine to
very coarse sand, slightly to moderately pebbly with fine to coarse gravel and occa-
sional cobbles; stiff, compact, dense; slightly to moderately cohesive; slightly calcare-
ous; breaks with vague laminations

Silt, dark gray (2.5Y 4/1), slightly to moderately clayey, laminated; slightly pebbly with
medium to coarse gravel (dropstones?); moderately sticky; slightly to moderately com-
pact and dense; slightly to moderately cohesive; slightly to moderately calcareous

Silt as at 110.0-112.0 ft without dropstones

Silt, dark greenish gray (5GY 4/1), moderately clayey, slightly to moderately sandy with
very fine to very coarse sand, slightly pebbly with fine gravel; compact, dense, slightly
cohesive; moderately calcareous; sharp contact with sand below

Sand, very dark grayish brown (2.5Y 3/2), very fine to medium, mostly fine, well
sorted; predominantly rounded quartz grains

Silt, gray (2.5Y 5/1) or (10YR 5/1) with dark yellowish brown (10YR 4/4) mottles; moder-
ately clayey, moderately sandy with very fine to very coarse but mostly very fine to fine
sand; slightly to moderately pebbly with fine to coarse gravel; dense, compact, breaks
with blocky texture; crumbly; moderately to very calcareous

Silt as at 123.0-125.0 ft but without dark yellowish brown (10YR 4/4) mottles; some-
what more crumbly texture; less calcareous

Sand, gray (2.5Y 5/1), very fine to fine, well sorted; moderately to very silty to sandy silt
in part; noncohesive, moderately calcareous

Silt, grayish brown (2.5Y 5/2), very sandy with very fine to fine sand to very silty sand;
noncohesive; moderately calcareous

Sand, grayish brown (2.5Y 5/2), very fine to medium, mostly fine, well sorted; mostly
subrounded to rounded quartz grains; slightly to moderately silty; moderately to very

Sand as at 143.4-145.0 ft but very slightly to slightly calcareous

Sand, grayish brown (2.5Y 5/2), very fine to fine, well sorted; mostly rounded quartz
grains; slightly to moderately silty; very crumbly, moderately calcareous, 1-inch diam-
eter sand nodules at 175 ft

Sand, grayish brown (2.5Y 5/2), very fine to medium, mostly fine, well sorted; mostly
subrounded to rounded quartz grains; slightly to moderately silty; noncalcareous to

Depth (ft) Thickness (ft) Description
74.0-74.5 0.5
calcareous
74.5-79.0 4.5
79.0-82.0 3.0
82.0-85.0 3.0
85.0-105.0 20.0
105.0-108.0 3.0
108.0-110.0 2.0
Glasford Formation
110.0-112.0 2.0
112.0-119.0 7.0
119.0-122.0 3.0
122.0-123.0 1.0
123.0-125.0 2.0
125.0-138.0 13.0
138.0-143.0 5.0
143.0-143.4 0.4
143.4-145.0 1.6
calcareous
145.0-157.0 12.0
157.0-175.0 18.0
175.0-177.0 2.0
slightly calcareous
177.0-180.0 3.0

Sand as at 175.0-177.0 ft with dark gray (2.5Y 4/1), moderately calcareous mottles
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Sand and gravel, very fine sand to coarse gravel and cobbles, mostly very fine to very
coarse sand with about 15% fine gravel, occasional medium gravel, and sparse coarse
gravel, cobbles at contact with silt below, poorly sorted; fine fraction mostly subangu-
lar to rounded quartz with carbonates and shale; coarse fraction has abundant car-

Silt, gray (10YR 5/1), very slightly clayey; compact, stiff, not very dense, crumbly to
slightly cohesive; slightly calcareous; vaguely laminated; some dropstones of fine to

Silt, gray (2.5Y 5/1), slightly clayey, slightly sandy with very fine to very coarse sand,
slightly to moderately pebbly with fine to medium gravel; dense, compact, stiff; crum-
bly; moderately to very calcareous

Sand and gravel, grayish brown (2.5Y 5/2), very fine sand to coarse gravel and occa-
sional cobbles, mostly fine to very coarse sand with about 40% gravel, poorly sorted;
fines mostly subrounded to rounded quartz with subangular to subrounded quartz,
carbonate and shale; coarse fraction mostly carbonates and shale with quartz and
igneous rock fragments

Sand and gravel, grayish brown (2.5Y 5/2), very fine sand to coarse gravel and cobbles,
mostly medium to very coarse sand with about 50% gravel, poorly sorted; fines mostly
subrounded to rounded quartz with subangular to subrounded quartz, carbonate, and
shale; coarse fraction mostly carbonates, and shale with quartz and igneous rock frag-

Gravel and sand, grayish brown (2.5Y 5/2), very fine sand to coarse gravel and cobbles,
mostly coarse gravel and cobbles, poorly sorted; fines mostly subrounded to rounded
quartz with subangular to subrounded quartz, carbonates, and shale; coarse fraction
mostly carbonates and shale with quartz and igneous rock fragments

Silt, very dark gray (5Y 3/1) with some small yellowish brown mottles, moderately
clayey; slightly to moderately sandy with very fine sand, slightly to moderately pebbly
with fine to coarse gravel; compact, dense, moderately crumbly; moderately to very

Silt, very dark gray (5Y 3/1) as at 195.0-198.0 ft, but very compact and dense; breaks
with blocky texture, vague laminations apparent; thin, saturated, sandy layer at 201 ft

Silt, dark grayish brown (2.5Y 4/2); slightly sandy with very fine to very coarse sand;
slightly pebbly with fine gravel; compact, dense, noncohesive; very calcareous; crum-
bly, breaks with blocky texture, vague laminations apparent

Silt, as at 203.0-205.0 ft, but dark gray (2.5Y4/1) and somewhat less calcareous overall
Silt, dark grayish brown (2.5Y 4/2) as at 203.0-205.0 ft
Silt, light gray (2.5Y 7/1), abundant angular coarse gravel; very loose, noncohesive;

Silt, as at 212.0-217.5 ft
Mahomet Sand Member

Sand, dark grayish brown (2.5Y 4/2), very fine sand to fine, well sorted; mostly sub-
rounded to rounded quartz grains; very silty; moderately calcareous

Sand, gray (2.5Y 5/1), very fine to medium, mostly fine to medium, moderately well
sorted to well sorted; abundant subrounded to rounded quartz grains; moderately cal-

Sand, gray (2.5Y 5/1), very fine to very coarse, mostly fine to coarse, moderately sorted;
some thin silty, clayey, moderately to very calcareous layers with occasional fine gravel

Depth (ft) Thickness (ft) Description
180.0-181.0 1.0

bonates and shale
181.0-184.0 3.0

coarse gravel
184.0-184.5 0.5
184.5-188.0 3.5
188.0-193.0 5.0

ments
193.0-195.0 2.0

Banner Formation
195.0-198.0 3.0

calcareous
198.0-203.0 5.0
203.0-205.0 2.0
205.0-212.0 7.0
212.0-217.5 5.5
217.5-217.7 0.2

very calcareous
217.7-221.0 3.3
221.0-223.0 2.0
223.0-225.0 2.0

careous
225.0-230.0 5.0
230.0-234.0 4.0

Sand, gray (2.5Y 6/1), very fine to fine with sparse fine gravel, well sorted; mostly
rounded quartz with some shale grains; silty, moderately to very calcareous
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Sand, gray (2.5Y 6/1), very fine to coarse, mostly fine, well sorted; mostly rounded
quartz with subangular to subrounded quartz, carbonate, and shale; slightly calcare-

Sand as at 230.0-234.0 ft
Sand as at 234.0-236.0 ft
Sand as at 230.0-234.0 ft, but very slightly to slightly calcareous
Sand as at 234.0-236.0 ft

Sand and gravel, very fine sand to sparse fine gravel, poorly sorted; fines are mostly
rounded quartz grains; gravel mostly rounded shale

Sand as above 230.0-234.0 ft

Sand and gravel, very fine sand to rare fine gravel, mostly fine to medium sand, mod-
erately well to well sorted; abundant subrounded to rounded quartz with carbonates

Sand and gravel, gray (2.5Y 5/1), very fine sand to coarse gravel, mostly fine sand to
fine gravel with about 40% gravel, poorly sorted; slightly to moderately silty, slightly
clayey; moderately calcareous; coarsens downward somewhat becoming less silty,
clayey, and calcareous

Sand and gravel, gray (2.5Y 5/1), very fine sand to coarse gravel, mostly fine sand to
fine gravel with about 40% gravel, poorly sorted; moderately silty and clayey; mod-
erately to very calcareous; gravel has light gray coating that appears to be bentonite,
most prominent at 289.0-290.0 ft

Sand, gray (2.5Y 5/1), very fine to very coarse, mostly fine to medium, slightly to mod-
erately well sorted; fines mostly subrounded to rounded quartz; coarse fraction mostly
shale and carbonates with quartz; very calcareous

Rock, white (2.5Y 8/1), hard, surrounded by rock fragments of coarse gravel to cobble

Sand as above 290.0-294.0 ft

Clay, dark olive-gray (5Y 3/2) very silty to clayey silt; dense, compact; slightly sticky,
slightly to moderately cohesive; slightly calcareous; occasional thin layers of clay,
very silty, slightly to moderately sandy with very fine to very coarse sand, and slightly
pebbly with fine to coarse gravel

Clay, dark olive-gray (5Y 3/2), slightly to moderately silty, slightly sandy with very fine
to very coarse sand, moderately to very pebbly with fine to coarse gravel supported
in silty clay matrix; slightly calcareous; breaks with a platy structure; occasional less

Clay, olive (5Y 4/4), slightly to moderately silty, slightly sandy with very fine to very
coarse sand, very slightly to slightly pebbly with fine to coarse gravel; very slightly

Depth (ft) Thickness (ft) Description
234.0-236.0 2.0

ous
236.0-239.0 3.0
239.0-245.0 6.0
245.0-247.0 2.0
247.0-249.0 2.0
249.0-257.0 8.0
257.0-260.0 3.0
260.0-268.0 8.0

and shale
268.0-287.0 19.0
287.0-290.0 3.0
290.0-294.0 4.0
294.0-295.0 1.0

size; dolomite
295.0-298.0 3.0
298.0-301.0 3.0
301.0-306.0 5.0

pebbly layers
306.0-306.2 0.2

calcareous
306.2-310.0 3.8

Total depth = 310 ft

Clay, very dark gray (5Y 3/1), slightly to moderately silty, slightly sandy with very fine
to very coarse sand, very slightly to slightly pebbly with fine to coarse gravel; slightly
to moderately calcareous; breaks with a platy structure
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Depth (ft)
0

10

31
40

110

119

138

221

298
301

310

Silt, yellowish brown, sandy, pebbly (oxidized till?)
Top of Wedron Group

Silt, gray, clayey, sandy, and pebbly (till)

Sand, very fine to medium; some coarse

Silt, gray, clayey, sandy, and pebbly (till)

Top of Glasford Formation
Silt, clayey, laminated —

Silt, clayey, sandy, and pebbly (till)

Sand, very fine to fine with some medium; silty

Silt, clayey, laminated
Sand and gravel
Top of Banner Formation

Silt, clayey, sandy, and pebbly (till)

Top of Mahomet Sand Member

Sand, very fine to very coarse; with sand and gravel, very fine
sand to coarse gravel

Clay, silty to clayey silt Figure A2 Graphic log for borehole
Clay, silty, sandy, pebbly (till?) NIWC 57-2. Numbers are rounded.
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Table A1 Point count results of major clasts and other clasts from boreholes NIWC 57-1 and NIWC 57-2.

Depth Rock
Borehole (feet) Quartz (%) Carbonate (%) Feldspar (%) Chert (%) fragments (%)
NIWC 57-1
Glasford aquifer
159 69.2 16.1 2.8 1.9 10.0
164 71.0 25.0 1.5 1.0 1.5
169.5 71.0 18.5 5.0 0.0 5.5
175 84.3 8.6 5.6 0.0 1.5
179.5 75.0 9.5 8.5 0.0 7.0
185 58.0 22.6 5.3 5.8 8.4
190 274 27.4 3.5 7.0 34.8
195 40.3 41.3 4.5 2.5 11.4
Mean 62.0 2141 4.6 2.3 10.0
NIWC 57-2
Mahomet aquifer
230 4741 29.6 5.8 3.4 1441
235 70.2 19.2 7.2 1.0 2.4
240 72.6 19.9 4.0 1.0 2.5
245 58.3 24.3 7.8 0.5 9.2
250 65.9 16.3 10.6 1.9 5.3
260 42.6 36.8 6.9 2.9 10.8
265 64.6 24.8 3.9 2.4 4.4
270 68.0 18.6 3.1 41 6.2
275 36.6 23.4 3.9 1741 19.0
280 39.9 29.8 1.9 111 17.3
285 43.8 28.8 1.0 9.1 17.3
290 71.4 1.4 241 3.6 1.4
297.5 64.0 4.5 3.5 15.0 13.0
Mean 57.3 221 4.7 5.6 10.2
NIWC 57-1
Cemented nodule
297.5 45 29 4 5 17
NIWC 57-1
Mahomet aquifer
225 76.1 13.7 3.4 3.9 2.9
235 63.6 15.7 2.3 5.1 13.4
245 54.8 28.4 4.8 2.9 9.1
255 41.8 31.3 5.0 7.5 14.4
265 61.4 21.7 4.3 77 4.8
275 24.2 36.2 1.9 12.6 251
285 38.0 22.0 2.4 24.4 13.2
290 27.6 27.6 2.5 25.6 16.6
295 64.4 17.3 4.5 6.4 7.4
Mean 50.2 29 3.5 10.7 11.9
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Geochemical and Isotopic Data

Table A2 Geochemical and isotopic data for wells screened in the Mahomet aquifer.

Tot. alk. as
Date Well screen Elevation Pumping Temp. Eh' Sp. cond. CaCO,
Sample sampled Owner depth (m) (m) rate (L/s) (°C) pH (mV) (uS/cm) (mg/L)
CHM 94A 10/26/98 ISWS 117 250 0.24 141 7.4 71 664 374
CHM 95B 10/27/98 ISWS 85.3 239 0.21 13.8 7.4 40 665 379
CHM 95D 10/27/98 ISWS 86.2 213 0.27 14.0 7.4 -28 645 372
CHM 96A 10/26/98 ISWS 94.5 220 0.34 13.8 7.3 107 670 342
CHM 96B 10/26/98 ISWS 89.9 215 0.31 13.9 7.3 92 676 349
CHM 96C 10/27/98 ISWS 88.4 213 0.28 13.8 74 76 699 372
NIWC 55 9/10/98 NIWC 91.4 224 63 13.0 7.6 49 637 360
NIWC 57 9/10/98 NIWC 92.6 229 100 13.2 7.6 37 603 356
NIWC 58 9/10/98 NIWC 99.4 234 150 13.1 7.5 56 648 335
Na* K* Ca?" Mg Sio, HCO,~ NO,~ NH_* 80,2~ Cl-
Sample (mg/L) (mg/L (mg/L (mg/L (mg/L (mg/L (mg/L (mg/L (mg/L (mg/L
CHM 94A 48.9 2 72.6 28.3 19.1 456 <1.6 ND 8.7 0.8
CHM 95B 36.1 2 71.2 36.1 18.5 462 <1.6 ND 6.0 1.0
CHM 95D 35.9 2 69.1 33.9 16.9 454 <1.6 ND <0.3 1.7
CHM 96A 32.8 1 82.8 31.6 19.8 417 <1.6 ND 42.9 0.6
CHM 96B 2941 2 84.8 33.3 20.5 426 <1.6 ND 42.8 0.9
CHM 96C 26.9 <1 88.4 34.7 227 454 <1.6 ND 31.4 1.0
NIWC 55 34.4 3 61.3 34.5 1341 439 <0.8 0.71 0.21 1.8
NIWC 57 47.3 <1 52.0 29.9 13.5 434 <0.8 1.53 <0.3 1.5
NIWC 58 39.4 <1 52.2 29.9 13.3 408 0.01 1.34 0.22 241
Detection
limits 1.34 0.629 0.004 0.003 0.024 NA 0.005 0.010 0.010 0.010
Log pCO, TDS
Sample Fe Mn (atm) (mg/L) Slea Slupac Slyoo Slgp Sley
CHM 94A 1.43 0.07 -1.808 640 0.240 0.088 0.264 0.644 13.5
CHM 95B 0.89 0.05 -1.847 635 0.283 0.131 0.459 0.485 12.2
CHM 95D 1.87 0.03 -1.871 616 0.280 0.128 0.442 0.817 10.6
CHM 96A 0.68 0.24 -1.739 631 0.135 -0.170 0.041 0.179 13.4
CHM 96B 0.84 0.13 -1.791 647 0.211 0.059 0.207 0.332 13.4
CHM 96C 1.73 0.13 -1.554 661 0.048 -0.104 -0.122 0.465 12.2
NIWC 55 0.91 0.05 -1.929 592 0.245 0.092 0.417 0.522 12.8
NIWC 57 1.31 0.02 -2.013 583 0.252 0.100 0.440 0.753 13.6
NIWC 58 1.11 0.02 —2.064 550 0.261 0.108 0.459 0.692 13.2
Detection
limits 0.009 0.009 NA NA NA NA NA NA NA
Log pCO,
TC Ent. FC TA NVOC CH, CO,
Sample SIFe(OH)q (cfu/ml) (cfu/ml) (cfu/ml) (cfu/ml) (mg/L) (mmot/L) (mmot/L) TU
CHM 94A 0.272 0 0 0 10 2.1 4.64 x 1078 1.47 x 10~ <0.40
CHM 95B —-0.340 0 0 0 207 2.0 2.98 x 102 1.08 x 10~ ND
CHM 95D -1.173 0 0 0 108 2.2 2.81 x 10 2.17 x 10~ ND
CHM 96A 0.255 0 0 0 88 2.4 1.21 x 1073 2.07 x 10~ <0.66
CHM 96B 0.257 0 0 0 10 1.4 112 x 1072 1.62 x 10~ ND
CHM 96C —-0.338 0 0 0 90 2.2 5.19 x 102 5.96 x 10~ ND
NIWC 55 —-0.028 0 0 0 8 2.0 1.76 x 10~ 3.51 x 10" <0.42
NIWC 57 0.366 ND ND ND 10 3.5 4.90 x 107" 3.62 x 10~ <0.52
NIWC 58 0.172 0 0 0 130 2.7 3.42 x 107 3.22 x 107" ND
Detection
limits NA 1 1 1 1 NA NA NA

'Eh, redox potential; Sp. cond., specific conductance; Tot. alk., total alkalinity; pCO,, partial pressure CO,; TDS, total dissolved solids;
calc., calculated; Sl, saturation index; CAL, calcite; ARAG, aragonite; DOLO, dolomite; SID, siderite; HEM, hematite; cfu, colony-form-
ing units; TC, total coliforms; Ent., fecal enterococci; FC, fecal coliforms; TA, total aerobic; NVOC, nonvolatile organic carbon; TU, tritium
unit; ND, not determined; NA, not applicable.
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Response Test Performed in
Well NIWC 57

Methods

Well NIWC 57 was not used during
the test drilling and installation of

Table A3 Water level measurements for response test on observation wells
adjacent to well NIWC 57. Water levels were measured with electric water level

. . meters.
observations wells at the site. It was
returned to service on August 11, Depth to water Change in
1999. To take advantage of the month- Well Date Time (ft below top of casing) depth to water
long off-cycle of NIWC 57 and the NIWC 571G 07/21/99 13:27 158.77 .
recovery of the potentiometric surface 07/23/99 17:08 158.66 0.1
in this part of the Mahomet aquifer, 07/23/99 19:09 1986 0.1
n p \quiter, 07/26/99 08:22 157.29 1.36
the effects of resumed pumping on 08/10/99 12:18 157.26 0.03
the water levels in the newly installed 82; 1‘12//32 33?2 157-42 —0-30
; . 15 57.5 -0.07
ob.servatlo.n vyells were monitored. 08/12/99 11-58 157.36 017
Using an air line, water-level fluctua- 08/13/99 08:41 157.28 0.08
tions in NIWC 57 were also measured. 08/13/99 10:27 157.26 0.02
Well 57 was pumped at 1,650 to 1,750 08/14/99 19:05 157.66 -0.40
dine o instantaneous mea- 08/15/99 17:19 157.70 -0.04
gpm according to 08/16/99 10:00 157.76 -0.06
surements of flow at the pump head 08/17/99 15:26 157.64 0.12
and at 1,744 gpm according to calcula- 82; 12;83 (1’2122) 157-62 —0-8?
. : : : 57.6 0.
tions l?ased on totalizer gage reading 08/20/99 12:30 15772 -0.06
pumping. The results of this response 08/20/99 13:25 157.72 0.00
test can be used to conduct an aquifer 08/23/99 10:47 157.50 0.22
test using well NIWC 57 in the future. 08/25/99 12:39 157.49 0.01
08/30/99 14:10 157.96 -0.47
Water levels in monitoring wells NIWC 57-1M  07/21/99 13:22 167.08 -
NIWC 57-1G and NIWC 57-1M were 07/23/99 17:04 167.97 -0.90
periodically measured from July 21 07/23/99 19:04 169.90 -1.93
through August 30, 1999, with an 07/26/99 08:18 166.12 3.78
lectri ter-level meter. Water level 08/10/99 12:15 165.84 0.28
electric water-level meter. yvater levels 08/11/99 15:21 185.44 -19.60
were measured from the top of the 08/12/99 09:11 184.78 0.66
casing within the steel manhole at 83; 15; gg ;gigg 12‘5‘-3(2) —8-;322
each well. Water levels in monitoring 08/13/99 10:23 185.80 008
wells NIWC 57-2G and NIWC 57-2M 08/14/99 19:01 183.21 259
were periodically measured from July 08/15/99 17:15 183.09 0.12
26 through August 30, 1999, using an 08/16/99 09:56 184.07 -0.98
1 . 1 1 D 1 Data logger installed on 8/16/99; no measurements until 8/20/99
electric water-level meter. Data log- 08/20/99 13:28 164.23 19.84
gers and pressure transducers were 08/23/99 10:44 165.20 -0.97
installed in monitoring wells NTWC 08/25/99 12:37 166.35 -1.15
57-2G and NIWC 57-2M on August 10, 08/30/99 14:08 168.88 —2.53
1999, and in monitoring well NIWC 57-  NjwC 572G 07/26/99 08:40 154.70 -
1M on August 16, 1999. These instru- 08/10/99 09:45 154.74 -0.04
Data logger installed on 8/10/99; no measurements until 8/20/99
ments werle progr ammed tc;]record 08/20/99 13:37 155.22 -0.48
water leve S, lnltlally e'Vel‘y our and 08/23/99 10:56 154.99 0.23
subsequently every minute. A pres- 08/25/99 12:45 154.97 0.02
sure transducer was placed in NIWC 08/30/99 14:03 165.45 —0.48
57-2M'at a depth of 35.62 feet. Water NIWC 57-2M  07/26/99 08:37 163.00 )
levels in these wells were not mea- 08/10/99 09:47 162.91 0.09
sured with electric water-level meters Data logger installed on 8/10/99; no measurements until 8/18/99. Removed data
while the data loggers were in place. logger 8/18/99; reprogrammed to measure submergence more frequently in
: _ : preparation for well NIWC 57 being turned off
Brian Good (IL-AWC) organized data 08/18/99 08:42 170.09 718
collection, supervised the operation 08/18/99 08:58 17012 —0.03
of NIWC 57, and provided data on the Data logger reinstalled in 8/18/99; monitor water level change when well NIWC 57
quantity of water pumped from NIWC turned off
57 and other NIWC wells in the west 08/20/99 13:40 16125 8.57
08/23/99 10:53 162.49 -0.94
well field. 08/25/99 12:43 163.60 -1.11
08/30/99 14:00 166.80 -3.20

When the data logger in NIWC 57-2M
was retrieved for reprogramming
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during the response test, bentonite
was detected at a depth of 138 to 139
feet. The bentonite may have entered
the well because of aloose joint in
the casing or a missing or broken O-
ring at the joint. The bentonite was
flushed from the observation well at
that time.

Results

Water levels measured in the monitor-
ing wells completed in the Glasford
aquifer were consistently higher than
those measured in the two monitor-
ing wells completed in the Mahomet
aquifer (table A3). The water level in
NIWC 57-1G varied by 1.51 feet, from
a high of 157.26 feet to a low of 158.77
feet below the top of the well casing.
Water levels in NIWC 57-2G varied by
0.75 feet, from a high of 154.70 feet to a
low of 155.45 feet.

Water levels in the observation wells
completed in the Mahomet aquifer
were measured by electric water level
meters when the data loggers were

not in place (table A3). The water level
in NIWC 57-1M varied by 21.57 feet,
from a high of 164.23 feet to a low of
185.80 feet. Water levels in NIWC 57-
2M varied by 8.57 feet, from a high

of 161.55 feet to a low of 170.12 feet.
The water level measured in monitor-
ing wells NIWC 57-1M and NIWC-2M
indicate the Mahomet aquifer is
under confined conditions. Water-
level data indicate a downward verti-
cal hydraulic gradient between the
Glasford aquifer and the Mahomet
aquifer. When NIWC 57 was turned
off, measured water levels in both
shallow monitoring wells were 7 to

9 feet higher than those in the deep
monitoring wells. While NIWC 57 was
being pumped, the measured water
level in NIWC 57-1M was about 25 to
29 feet lower than NIWC 57-1G. Data
loggers were monitoring the water
level in NIWC 57-2G and NIWC 57-2M
during this time.

When well NIWC 57 was returned to
service and pumped at 1,650 to 1,750
gpm, the water level in NIWC 57-2M

Elapsed time (1,000 min)
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Figure A3 Plot of water-level fluctuations recorded in monitoring well NIWC 57-
2M during a response test. The water level in the well, completed in the Mahomet
aquifer, is a response to pumping of well NIWC 57.

was immediately lowered. Water-level
data collected using data loggers in
NIWC 57-2G and NIWC 57-2M show
the immediate effect of pumping

on the water level in NIWC 57-2M

(fig. A3), but little, if any, change of
the water level in NIWC 57-2G (not
shown). In addition, NIWC 57-2G

did not respond to changes in atmo-
spheric pressure. The data logger in
NIWC 57-2M collected data for 10,200
minutes after pumping started. At
this time it was retrieved from the
well and reprogrammed to take a
measurement every minute instead
of every hour. These data were col-
lected to determine the magnitude
of water-level fluctuation in monitor-
ing well NIWC 57-2M in anticipation
of conducting an aquifer test in the
future. As figure A3 shows, the pres-
sure transducer used with the data
logger could not recognize a water
level higher than 35.62 feet above the
transducer. Thus, water-level fluctua-
tions higher than the initial water
level were not recorded. The fluctua-
tions observed in figure A3 most likely
are the result of change in barometric
pressure or possibly minor variations
in the pumping rate of well NIWC 57.
Although the data are less than ideal,
they yield information on the magni-
tude of change in water level during
pumping and will be helpful for plan-
ning future pumping tests.

The response of the water level in
NIWC 57-1G and NIWC 57-1M also
was monitored using water-level
meters. No appreciable change was
observed in NIWC 57-1G. The lowest
water level in NIWC 57-1M measured
during the test was 185.80 feet on
August 13, 1999. This level was 19.96
feet lower than the highest water
level of 165.84 feet measured before
pumping started. The results of this
response test provide a good example
of how pumping decreases hydro-
static pressure close to the well, which
results in outgassing of CO, from the
groundwater.
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