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Microbiological and Chemical Quality of Ground Water 
used as a Source of Public Supply in Southern 
Missouri Phase II, April-July, 1998
BySuzanne R. Femmer

ABSTRACT

The protection of public health through qual 
ity public ground-water systems is the responsibil 
ity of the U. S. Environmental Protection Agency 
and the State of Missouri, through the Missouri 
Department of Natural Resources, Public Drink 
ing Water Program. Approximately 95 percent of 
the public-water supplies in Missouri use ground 
water as their source of drinking water through 
more than 3,700 public wells. Karst terrain, inten 
sive agricultural operations, extensive numbers of 
on-site sewage systems, and poor well construc 
tion can lead to chemical and microbiological con 
tamination of the contributing aquifers. Site- 
specific studies and routine regulatory monitoring 
have produced information on the overall quality 
and potability of the State's public-drinking-water 
supplies, but little is known about the presence of 
viruses.

The U.S. Geological Survey, in cooperation 
with the Missouri Department of Natural 
Resources, sampled 109 public-water supplies to 
characterize the physical, chemical, bacterial, and 
viral conditions in southern Missouri. During 
April to July 1998, these wells were sampled for 
nutrients, total organic carbon, optical brighteners, 
indicator bacteria, enteric viruses, and ribonucleic 
acid and somatic coliphages. These constituents 
indicate possible surface contamination of the 
sampled aquifer. Selection of the wells to be sam 
pled depended on the age of the well (pre-1970), 
land use, geohydrology, and well construction.

None of the physical or chemical constitu 
ents measured or analyzed exceeded Missouri's 
Drinking Water Standards set by the Public Drink 
ing Water Program of the Missouri Department of 
Natural Resources. The majority of ammonia plus 
organic nitrogen, nitrite, and phosphorus concen 
trations were below the laboratory's minimum 
reporting levels. There were a greater number of 
detects above the minimum reporting level with 
respect to the nitrite plus nitrate, ammonia, ortho- 
phosphate, and total organic carbon concentra 
tions. Analyses included comparing and 
contrasting the data by grouping according to well 
age and construction, karst type, geohydrology, 
soil type, and land use. There was little variation in 
well construction between selected wells. The 
results indicated several groupings of similar and 
dissimilar concentrations, most expected because 
of hydrological, physical, or land use differences. 
Dissolved oxygen values indicated distinct varia 
tion in the different groupings. There were signifi 
cant differences in dissolved oxygen values 
between the secondary and non-karst areas, the 
Ozark confined and Ozark unconfined geohydro- 
logic groups, and between agricultural and other 
land uses. In groupings by soil and geohydrology, 
the Missouri bootheel region differed with respect 
to ammonia, total organic carbon, and phosphorus 
when compared with the other groups.

Less than 10 percent of the wells sampled 
tested positive for bacterial contamination. E. coli 
was the most frequently detected bacterium. The 
public wells at Monett and West Plains, Missouri,
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had plates with colonies too numerous to count for 
all three indicator bacteria. Further analyses by 
rRNA (ribosomal RiboNucleic Acid) hybridiza 
tion techniques determined that much of the bacte 
ria present were from ruminant and human 
sources. No enteric viruses were detected in the 
109 samples. Both ribonucleic acid and somatic 
coliphage were detected at two wells. One addi 
tional well had ribonucleic acid coliphage and 
another had somatic coliphage for a total of four 
wells with coliphage selects.

INTRODUCTION

The U.S. Environmental Protection Agency 
(USEPA) and the Missouri Department of Natural 
Resources, Public Drinking Water Program (MDNR- 
PDWP) have the responsibility to address public 
ground-water systems to assure the protection of public 
health. Section 1412(b)(l)(A) of the Safe Drinking 
Water Act requires that National Primary Drinking 
Water Regulations be established for contaminants that 
may have detrimental effects on public health. This 
requirement, along with an additional requirement 
under Section 1412(b)(8) that specifies that the USEPA 
develop regulations for the use of disinfectants for 
ground-water systems as needed, has prompted the 
development of a Ground Water Rule (GWR). The 
GWR is a method to prioritize drinking-water supplies 
by their vulnerability to be contaminated by pathogenic 
microorganisms. In Missouri, residents and commer 
cial operations are greatly dependent on ground water 
as a clean source of drinking water. Approximately 95 
percent of the public-water supplies in Missouri use 
ground water as their source of drinking water through 
more than 3,700 public wells. Karst terrain, intensive 
agricultural operations, extensive numbers of on-site 
sewage systems, and poor well construction can lead to 
chemical and microbiological contamination of the 
contributing aquifers. State resource managers are con 
cerned about the impact of these conditions on the 
microbiological and chemical quality of the ground 
water in the State. Currently (1999), much is known 
about the status of bacterial contamination of the pub 
lic-water supplies through studies and monitoring 
efforts, but little is known about viral contamination or 
the effects of leaking septic systems on the contributing

aquifers. Virus populations fluctuate with the natural 
conditions of aquifers, which tend to make their detec 
tion a hit-or-miss opportunity.

Since the early 1900's, drinking water disinfec 
tion has been used to decrease the risks of waterborne 
pathogens. Widespread outbreaks of typhoid fever, 
cholera, and other bacterial diseases prompted the need 
to disinfect drinking-water supplies. Enteric viruses 
have caused epidemics, even when the drinking water 
has met all of the water-quality standards for coliform 
bacteria, turbidity, and chlorine residuals. Results from 
a recent study of gastroenteritis suggested that drinking 
water was responsible for one-quarter to one-third of 
all such illnesses reported, even though the drinking 
water met all required standards (Sobsey, 1995). Ani 
mal or human sewage or pasture runoff can contain det 
rimental microorganisms such as E. Co//, Salmonella, 
and enteric viruses, and can cause gastroenteritis.

Enteric viruses are indicators of materials associ 
ated with the digestive tract such as sewage. Viruses are 
composed of genetic material that survive and repro 
duce by attacking or invading other living cells. As 
they take over another cell, they destroy the original 
cell's genetic material and replace it with its own. This 
ability enables the viruses to survive and flourish. 
Coliphages are viruses that infect coliform bacteria 
specifically. Two types of coliphages are RNA (ribonu 
cleic acid) coliphage (also know as Male Specific), and 
somatic coliphage. These coliphages differ in how they 
infect the host bacteria. The RNA coliphage infects the 
bacteria cells by entering through the sex pili; the 
somatic coliphage enters the cells through the cell wall.

The U.S. Geological Survey (USGS), in cooper 
ation with the MDNR-PDWP, has completed two 
phases of a study to characterize the bacterial and viral 
conditions in the ground water of southern Missouri. 
The first phase (Phase I) of the study is documented in 
Davis and Witt (1999). The data from the two sampling 
periods of the Phase I study indicate that microbiolog 
ical contamination of public-water-supply wells drilled 
after 1970 is not widespread in the Ozark Plateaus. A 
small percentage (10 to 14) of the wells sampled in 
Phase I are contaminated by potentially pathogenic 
viruses or other pathogen indicator organisms. Also, 
results from the two periods of sampling varied consid 
erably. More than a single sampling opportunity is 
needed to definitively address the presence or lack of 
viruses in the drinking-water-supply aquifers.
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The objectives of the Phase II study were to 
determine if the chemical and microbiological quality 
of the ground water is affected by land use, soil, geohy- 
drology, karst type, well construction or well age; to 
use optical brighteners as an indicator of onsite sewage 
migration to the sampled aquifer; the effectiveness of 
the USEPA Ground Water Disinfection Rule (GWDR) 
Vulnerability Assessment Plan (VAP) (U.S.Environ- 
mental Protection Agency, written commun., 1998) to 
categorize wells into vulnerability classes; and the type 
of microbiological contamination in affected wells.

The purpose of this report is to describe the study 
and to present the data, analyses, and conclusions 
derived from the data collected for this study. This 
report includes a description of the study area and sam 
pling network, design, and methods. Also included are 
discussions of the chemical and physical data, the use 
of optical brighteners as a detection method, microbio 
logical data, and the usefulness of the VAP in southern 
Missouri.

During this second phase (Phase II) of the study, 
109 public-water-supply wells were sampled to charac 
terize the physical, chemical, bacterial, and viral condi 
tions in southern Missouri (table 1, at the back of this 
report). These wells were sampled from April to July 
1998 for nutrients, total organic carbon, optical bright 
eners, indicator bacteria, enteric viruses, and RNA and 
somatic coliphages. The presence of these constituents 
indicate possible surface contamination of the sampled 
aquifer. Selection of the wells to be sampled depended 
on well age, land use, geohydrology, and well construc 
tion. Phase II studied older wells, drilled before 1970, 
to determine if age and construction would contribute 
to susceptibility to surface contamination.

DESCRIPTION OF STUDY AREA

The study area is located in the southern one-half 
of Missouri and consists of parts of three major physi 
ographic provinces (fig. 1). The Ozark Plateaus is the 
dominant physiographic province in southern Mis 
souri. The Mississippi Alluvial Plain physiographic 
section of the Coastal Plain Province is located in the 
southeastern part of the State (Missouri "bootheel"). 
The Osage Plains physiographic section of the Central 
Lowland province is located in the western part of the 
State. These three provinces encompass diverse topog 
raphy, geology, and hydrology.

The Ozark Plateaus province is the largest in the 
study area and consists of three distinct physiographic 
sections the Springfield Plateau, the Salem Plateau, 
and the St. Francois Mountains. Topography in the 
province ranges from nearly level to steeply rugged 
hills. The stream drainage patterns are radial and tend 
to follow geologic features such as faults and joints in 
the rocks. The Ozark Plateaus province is riddled with 
karst features such as cave systems, sinkholes, and nat 
ural tunnels. These features are formed by the dissolu 
tion of carbonate rocks along faults and fractures. The 
karst features allow effective interconnection between 
the land surface and ground water.

The Mississippi Alluvial Plain physiographic 
section lies in the southeastern part of the study area. 
This section has a flat to gently rolling terrain of uncon- 
solidated sediments. The stream drainages mostly are a 
complex network of channelized streams and ditches 
that drain swampy areas. The rich unconsolidated sed 
iments and drained swampland lend this region to 
large-scale agricultural activities.

The Osage Plains physiographic section lies in 
the western and northwestern part of the study area. 
The topography of this section is mostly gently rolling 
hills and broad, shallow valleys.

Geology

The Ozark Plateaus province is an area of diverse 
geology. The province is in an area of geologic uplift 
that rises above surrounding lowlands (Imes and 
Emmett, 1994). Lithologies include igneous and sedi 
mentary rocks with secondary mineralization, fractur 
ing, and faulting of the rock units. Layers of mostly 
dolomite and limestone sedimentary rocks of Paleozoic 
age overlie the basement crystalline rocks of Precam- 
brian age. Some areas have sandstones and shales as 
the uppermost strata (Adamski and others, 1994).

The Salem Plateau is an area where Ordovician 
and Upper Cambrian rocks are exposed. These units 
are composed predominantly of dolomites, cherty 
dolomites, sandstones, and limestones (Caplan, 1960). 
The geologic units of Cambrian and Ordovician age 
range in thickness from less than 50 feet (ft) to greater 
than 4,000 ft thick, and average about 2,000 ft thick 
(Adamski and others, 1994).

The Springfield Plateau generally coincides with 
the area where Mississippian-aged rocks are exposed. 
The predominant rocks of Mississippian age are fine to 
coarse-grained limestones and cherty limestones

Description of Study Area
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Figure 1. Location of study area, physiographic divisions, and sampled wells.
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(Adamski and others, 1994). These rocks also are 
extensively mineralized. Lead and zinc sulfide, pyrite, 
lead and zinc carbonates, and zinc silicate deposits are 
present in the rocks of southwestern Missouri (Kiils- 
gaard and others, 1967). The Mississippian unit ranges 
from 200 to 500 ft thick (McFarland and others, 1979).

The St. Francois Mountains are a geologic rem 
nant of resistant Precambrian igneous rocks. These 
peaks were left when the Cambrian sediments eroded 
away (Imes and Emmett, 1994). These igneous rocks 
underlie the Ozark Plateaus and outcrop in the eastern 
part. Although these rocks outcrop in the St. Francois 
Mountains, they can be overlain by as much as 5,000 ft 
of sedimentary rock elsewhere in the Ozark Plateaus. 
The igneous rocks in this area mainly are silica-rich 
granite and rhyolite with silica-poor intrusions. These 
igneous rocks contain commercially viable quantities 
of certain trace elements such as lead, iron, manganese, 
and silver (Kisvarsanyi, 1981).

Unconsolidated sediments of Cretaceous 
through Quaternary age underlie the Mississippi Allu 
vial Plain. This plain was formed by both structural and 
erosional activity. Faults form the boundary between 
the unconsolidated sediments and the sedimentary 
rocks of Paleozoic age. Faulting has allowed a thick 
deposit of unconsolidated sediments to lie on older sed 
imentary rocks that have subsided. These sediments 
consist mostly of unconsolidated sands, gravels, and 
clays (Fenneman, 1938).

The Osage Plains is underlain by soft shales, 
limestones, and sandstones of late Mississippian to 
Pennsylvanian age (Adamski and others, 1994). There 
are some resistant beds of sandstone and limestone that 
form rare east-facing escarpments (Fenneman, 1938). 
The rocks of Pennsylvanian age range from 40 to 700 
ft thick. Uranium-bearing shales and bituminous coal 
beds are present in this section (Coveney and others, 
1987; Robertson and Smith, 1981). In some areas, 
these units produce oil and gas (Anderson and Wells, 
1967).

Geohydrology

The study area consists of the following eight 
geohydrologic units (extents of exposed parts shown in 
figure 2) from lowest to highest: Basement confining 
unit, St. Francois aquifer, St. Francois confining unit, 
Ozark aquifer, Ozark confining unit, Springfield Pla 
teau aquifer, Western Interior Plains confining system, 
and the Mississippi Embayment (the unconsolidated

unit in southeastern Missouri). The Western Interior 
Plains confining system is located in the western part of 
the study area; the Mississippi Embayment and its 
associated aquifers are located in the southeastern part 
of the study area. The Ozark Plateaus aquifer system 
consists of the St. Francois aquifer, St. Francois confin 
ing unit, Ozark aquifer, Ozark confining unit, and the 
Springfield Plateau aquifer. Geohydrologic units of the 
Ozark Plateaus are classified based on two characteris 
tics; the general hydraulic properties of the rock unit, 
and the hydraulic relation of that unit to the adjacent 
units (Imes and Emmett, 1994). The aquifers in this 
study area can be described as being confined or 
unconfined. An aquifer is confined where a confining 
unit overlies it and is unconfined where a confining 
unit does not overlie it. In this area, it is estimated that 
about 25 percent of the precipitation is directly 
recharged into the ground-water system. The system of 
faults, fractures, and dissolved carbonate-rock con 
duits, in combination with thin soils and subsoils of the 
Ozarks, contribute to rapid recharge of the ground- 
water system. Most of the information included in this 
section is from Imes and Emmett, 1994.

  The study area is underlain mostly by the Ozark 
Plateaus aquifer system, which is predominately a 
freshwater system surrounded by neighboring saline 
ground-water flow systems. The Ozark Plateaus aqui 
fer system is mainly composed of carbonate rocks that 
are developed into extensive karst areas. There are 
three types of karst located in the Ozark Plateaus aqui 
fer system, the primary, secondary, and the low density 
or nonkarst (fig. 3). Primary karst type generally is 
defined as an area with greater than 10 sinkholes per 
100 square miles (mi ), secondary karst as an area with 
less than 10 sinkholes per 100 mi 2 , and the low density

*y

or nonkarst area as less than one sinkhole per 100 mi 
(Harvey, 1980; Imes and Emmett, 1994). These karst 
areas cause the Ozark Plateaus aquifer system to be 
susceptible to ground-water contamination because 
surface pollutants can be quickly transported into the 
aquifer system through a series of faults, fractures, and 
dissolved-carbonate-rock conduits. Recharge into the 
Ozark Plateaus aquifer system is almost entirely from 
direct infiltration of precipitation. The flow pattern of 
this system is mostly topographically controlled with 
local exceptions near major faults and associated frac 
tures.

Description of Study Area
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Figure 2. Location of geohydrologic units and sampled wells.

The Basement confining unit forms the base of 
the Ozark Plateaus aquifer system. There are no known 
aquifers below this confining unit. The Basement con 
fining unit is primarily igneous rocks that are nearly 
impermeable and yield no significant amount of water.

The St. Francois aquifer is the lowermost water 
bearing unit in the study area. This aquifer is water 
bearing dolomite, sandstone, and siltstone overlaying

the Basement confining unit. The St. Francois aquifer 
is exposed and used as a domestic and public supply of 
water in the St. Francois Mountains in southeast Mis 
souri and is rarely used outside of this outcrop area. 
Beyond the outcrop area, the aquifer dips steeply into 
the subsurface and is buried beneath younger water- 
yielding rocks.

Microbiological and Chemical Quality of Ground Water Used as a Source of Public Supply in Southern Missouri-Phase II
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Figure 3. Location of sampled wells relative to karst and nonkarst areas.
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The St. Francois confining unit retards the flow 
of ground water between the St. Francois aquifer and 
the overlying Ozark aquifer. This semipermeable unit 
is composed of dolomite, limestone, shale, and silt- 
stone. The unit is missing in the St. Francois Moun 
tains, but is nearly continuous in the subsurface from 
the outcrop area throughout the rest of the study area.

The Ozark aquifer is the thickest unit and is used 
the most as a source of domestic and public-water sup 
ply of all the aquifers in the study area. The Ozark aqui 
fer is a sequence of water-bearing dolomite, limestone, 
sandstone, chert, and shale and is broken by numerous 
faults, bedding planes, and fracture systems. Dolomite 
is the predominate rock present. Dissolution of the car 
bonate rocks and karst development are the main pro 
cesses that result in the varying permeability of the 
aquifer. The outcrop area of the Ozark aquifer is 
approximately the same as the Salem Plateau physio 
graphic section and is broken by numerous faults, bed 
ding planes, and fracture systems.

The Ozark confining unit restricts ground-water 
flow between the Ozark and Springfield Plateau aqui 
fers. This confining unit is not present in the Salem Pla 
teau physiographic section. This unit is slightly 
permeable, is composed of shale and limestone, and is 
the upper-most confining unit in the Ozark Plateaus 
aquifer system. The effectiveness of the Ozark confin 
ing unit as a barrier between the Ozark and the Spring 
field Plateau aquifers differs greatly from one location 
to another.

The Springfield Plateau aquifer forms the upper 
most geohydrologic unit in the Ozark Plateaus aquifer 
system and is used mostly for private, rural wells. The 
Springfield Plateau aquifer rarely is used for public- 
water supply because of small yields. The Springfield 
Plateau aquifer is composed mostly of limestone with 
some chert intermixed. The Springfield Plateau aquifer 
outcrops in the Springfield Plateau physiographic sec 
tion.

The Western Interior Plains confining system is 
a thick as much as 20,000 ft and expansive geohy 
drologic unit that extends from western Missouri to the 
Rocky Mountains. This system generally prevents ver 
tical and lateral movement of water. Although the 
Western Interior Plain confining system actually is an 
aggregation of confining units and aquifers, wells 
located in this system are of limited use because of 
small yields, and are employed mostly for domestic or 
stock use.

The Mississippi Embayment is located in the 
southeastern part of the study area. This unit consists of 
unconsolidated deposits that form several layers 
including the alluvium, Wilcox Group, and McNairy 
Formations. The alluvium can be as much as 250 ft 
thick and supplies both domestic- and public-water- 
supply uses. Wells producing from the alluvium have 
very high yields. The thickness of the Wilcox Group 
can be up to 1,400 ft of unconsolidated or loosely con 
solidated sand and clay. The Wilcox Group is mostly 
used for public water supply. The McNairy Formation 
is made up of sand, sandy clay, and clay. The McNairy 
Formation is characterized by high artesian pressure 
and low hardness, and is used mostly for public water 
supply (Luckey and Fuller, 1980).

Land Use and Population

Land use in the study area is mostly forest, pas 
ture, cropland, and livestock production (fig. 4). St. 
Louis, Springfield, Cape Girardeau, Joplin, and Poplar 
Bluff are the largest urban areas located in the study 
area. Historical and present-day mining is found in the 
Old Lead Belt, the Viburnum Trend, and the Tri-State 
mining areas.

Woodlands of oak and hickory deciduous trees, 
interspersed with pines, are located in the Ozark Pla 
teaus province. These forests generally occupy the hill 
tops and steep valley walls, and the river valleys mostly 
are used for pasture and hay crops. Forest product 
industries in the Ozark Plateaus include lumber, floor 
ing, staves, furniture, firewood, and chips for paper 
production. Row crops are grown in the Osage Plain 
and in the Mississippi Alluvial Plain. The major crops 
grown in the Osage Plain are soybeans, sorghum, corn, 
and wheat. The major crop in the Mississippi Alluvial 
Plain is rice.

Livestock production is located mostly in the 
Ozark Plateaus province. Poultry, dairy and beef cattle, 
and swine are the dominant livestock raised in this area. 
The 1997 Agricultural Census lists Missouri as one of 
the top three states for beef cattle and feeder pig pro 
duction and one of the top six states for cattle and 
calves, hogs and pigs, and horses and ponies inventory, 
and number of turkeys sold (U.S. Department of Agri 
culture, 1997). Southwest Missouri and the northwest 
ern part of the study area also have a large number of 
poultry operations. Recently, numerous confined ani 
mal-feeding operations (CAFOs) have begun in south 
ern Missouri (fig. 5). CAFOs, if not managed properly,
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Figure 4. Land use and sampled wells.

have the capability of affecting the water resources and 
the public health of the surrounding area by contribut 
ing excess amounts of nutrients and bacteria to the 
receiving system. As illustrated in figure 4, CAFOs are 
a major land use in the study area.

The region studied is predominately rural with 
urban centers interspersed throughout. The largest city, 
St. Louis, is located in the extreme northeastern part of 
the study area (metropolitan area population is approx 
imately 2.5 million). Other large urban centers are 
Springfield (population 140,494) and Joplin (popula

tion 40,961) in the southwest, and Cape Girardeau 
(population 34,438) and Poplar Bluff (population 
16,996) in the southeast part of the study area (U.S. 
Census Bureau, 1999). Most of the municipalities and 
rural water-supply districts in the study area obtain 
drinking water from ground-water sources. Counties 
near recreational areas in the southwestern part of the 
State show the greatest growth in population from 1980 
to 1990 (fig. 6). These areas also coincide with large 
concentrations of CAFOs.

Land Use and Population
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Figure 6. Estimated county population in 1998, and the change in population from 1980 to 1990.
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Climate

The study area is located in a temperate climate. 
The mean annual air temperature ranges from 56 °F 
(degrees Fahrenheit) in the northeastern part of the 
study area to 60 °F in the southwestern part. The mean 
monthly temperature usually is lowest in January and 
highest in July. The mean annual precipitation is about 
38 in/yr (inches per year) in the northern part of the 
study area and about 48 in/yr near the southern part. 
Precipitation generally is greatest from April to June, 
and least during December, January, and February 
(Dugan and Peckenpaugh, 1985).

During the sampling period, precipitation 
ranged from 50 to 300 percent of normal in the study 
area (fig. 7). Most of the samples collected in April and 
May were collected during periods of normal precipi 
tation. During June, however, 11 samples were col 
lected when precipitation ranged from 200 to 300 
percent or more above normal for the month. The 
southwestern part of the state received only 50 percent 
of normal precipitation during this time. One sample 
collected in July was collected in an area that received 
200 percent of normal precipitation. It is possible for 
greater than normal precipitation to affect the character 
of the sampled aquifer. Increased precipitation may 
flush greater quantities of surface contaminants into 
the aquifer than would occur during normal precipita 
tion.

Soils

In Missouri, the mantle has been covered in the 
past by less than 2 to 20 ft of loess material. In the 
Ozark Plateaus province of Missouri, the deposits of 
loess material are thin and have eroded in many areas. 
Loess is a silty, mineralogically rich, fertile parent 
material deposited by wind mostly during the time of 
glaciation. The loess materials are now dominant in 
only small areas of the Ozarks Plateaus province. The 
thin loess material and the climatic conditions of the 
Ozark Plateaus province have resulted in highly weath 
ered soils of poor fertility in most places. The wells 
sampled for this study are situated in different soil asso 
ciations and physiographies. The major soil areas of the 
study area are the Northern Missouri Loess and Loess- 
Till Landscape, Southern Missouri Residual and Loess- 
Residual Landscape, and the Alluvial Valley Land

scape (fig. 8). This soil information is gathered from 
Scrivner and others, 1966, and Allgood and others, 
1979.

The Northern Missouri Loess and Loess-Till 
Landscape is divided into two categories: the Prairie 
and Prairie-Forest Transition Natural Vegetation and 
the Forest Natural Vegetation. The Prairie and Prairie- 
Forest Transition Natural Vegetation category is found 
north of the Missouri River and is not found in this 
study area. The Forest Natural Vegetation category is 
found only along the river hills of the Missouri River in 
the study area. Five of the wells sampled were com 
pleted below the Menfro-Winfield-Weldon soil associ 
ation. The Menfro-Winfield-Weldon soils are a deep, 
moderately permeable loess material.

The Southern Missouri Residual and Loess- 
Residual Landscapes are divided into two categories: 
the Prairie and Prairie-Forest Transition Natural Vege 
tation, and the Forest Natural Vegetation. Most of the 
wells (98) sampled for this study fall into these soil 
landscapes. These are the soils of the Ozark Plateaus 
province and the Osage Plains section of southern Mis 
souri. The Gerald-Craig-Eldon and Newtonia-Baxter 
Lebanon-Nixa-Clarksville and Hobson-Clarksville and 
the Clarksville-Fullerton-Talbott are the most common 
soils found at the sampled wells.

The Alluvial Valley Landscapes are divided into 
two categories: the Missouri and Upper Mississippi 
Rivers, and the Southeastern Missouri. Six of the wells 
sampled for this study were completed below the 
Southeastern Missouri category. Bosket, Calhoun, 
Dubbs, Dundee, Forrestdale, and Sharkey are the main 
soil types that characterize the Southeastern Missouri 
category.

SAMPLING DESIGN AND METHODS

The sampling design of the study was to ran 
domly choose public supply wells that met selection 
criteria for the study. These wells were sampled in the 
spring of 1998 for viruses, bacteria, nutrients, carbon, 
and optical brighteners. Select bacterial samples were 
further analyzed for possible sources of the bacteria.

Well Selection

The USGS and MDNR-PDWP selected 109 
public-supply wells to be sampled for this study. Crite 
ria for selecting these wells were the availability of
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Figure 8. General soil groupings in Missouri.
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well-construction, well-maintenance, usage, and geo 
logic records. These wells were selected to represent 
possible effects of well age, well construction, land use, 
and geohydrology (table 2, at the back of this report) on 
the quality of the water, and to uniformly extend cover 
age over the study area.

Wells that were drilled during or before 1970 
were targeted for this study. Although there was great 
variability in age (29 to 99 years old), well construction 
(casing material, depth, and sealing) did not vary sub 
stantially. Most of the wells were cased with steel, and 
a few were cased with iron pipe or concrete. The land 
uses of concern included areas with dense populations 
of CAFOs, on-site sewage systems, urban, agricultural, 
and forested areas. Most of the wells sampled were 
located in or on the outskirts of cities and towns and 
few were exclusively located in a rural setting. Of the 
109 wells, 33 were located in forested areas, 41 in agri 
cultural areas, 2 in urban areas, 14 in mixed agricultural 
and forested areas, 1 in mixed urban, agricultural and 
forest, 9 in mixed urban and forested areas, and 9 in 
mixed urban and agricultural land use areas.

Wells also were selected to represent the five 
major sources of ground water located in the study 
area. These aquifers are the alluvial aquifer (3 wells), 
McNairy and (or) Wilcox aquifer (4 wells), confined 
Ozark aquifer (32 wells), unconfmed Ozark aquifer (60 
wells), and the St. Francois aquifer (5 wells). There 
were five additional wells sampled that draw from mul 
tiple aquifers. Of the wells sampled, the shallowest 
wells were located in the alluvial and McNairy and (or) 
Wilcox aquifers, and the deepest wells were located in 
the unconfmed Ozark aquifer. Well depths ranged from 
21 to 2,217 ft. Wells also were selected to represent the 
three karst types - primary, secondary, and low density 
or non karst - present in the Ozark Plateaus aquifer sys 
tem (fig. 8). For this study, 25 wells were sampled in 
the primary karst area, 20 wells in the secondary karst 
area, and 64 wells in the low density or nonkarst area.

Sampling and Analysis Method

The 109 selected wells were each sampled once 
from April through July 1998. These wells were sam 
pled during the wet weather season to increase the pos 
sibility of capturing any viruses, bacteria, optical 
brighteners, or other sampled constituents moving 
through the aquifer system. There is greater interaction 
between the land surface and the ground water during 
the wet weather season.

The wells were sampled from the tap at the well 
head or the tap nearest to the wellhead before in-line 
chlorination or other treatment was performed. 
Although being an active well was one of the well 
selection criteria, if a well had been temporarily shut 
down, the sample was not collected until the well had 
pumped long enough to have stable specific conduc 
tance and temperature readings (usually about 10 to 15 
minutes). Before sampling, the tap was sterilized by 
spraying with an 0.1-percent chlorine solution, and 
rinsing with deionized water. A pre-sterilized virus fil 
ter apparatus with an optical brightener attachment 
(fig. 9), without the virus filter inserted, was connected 
to the well tap. The well was then pumped for 10 to 15 
minutes with flow diverted through the apparatus into 
a 5-gal (gallon) bucket that emptied into a nearby drain. 
Specific conductance and temperature measurements 
were made with an Orion model 122 meter from flow 
ing water in the bucket until each stabilized. Once the 
specific conductance and temperature stabilized, spe 
cific conductance, temperature, pH, alkalinity, color, 
and dissolved oxygen were measured and recorded on 
the field notes. Measurements were conducted accord 
ing to procedures described by Wilde and Radtke 
(1998). Dissolved oxygen values were determined by 
the use of a Chemetrics direct reading vacuum vial at 
the tap. Sample water also was collected at the tap for 
immediate field processing and bacterial analysis. 
Samples for chemical analysis were collected from the 
tap in two 125-mL (milliliter) brown high density poly 
ethylene bottles and a 125-mL amber glass bottle, then 
packaged, chilled, and sent to the USGS National 
Water-Quality Laboratory (NWQL) in Denver, Colo 
rado. A pre-sterilized 1-L (liter) polyethylene bottle 
was used to collect water for RNA hybridization anal 
ysis. The sample water for RNA hybridization was 
kept chilled until the presence or absence of indicator 
bacteria was determined. If any of the indicator bacte 
ria had readings greater than 10 col/100 mL (10 colo 
nies per 100 milliliters) of sample, the 1-L bottle was 
shipped overnight to the USGS laboratory in Nashville, 
Tennessee for further analysis. A Hach color test kit 
was used to determine the color of the sample collected 
at the tap. If the reading was five or more color units, a 
sample was collected to send to NWQL. A polyether- 
sulfone (PES) filter was then inserted into the optical 
brightener filter holder and flow was diverted through 
it to another 5-gal bucket. After 3 to 5 gal of well water 
had passed through the filter (about 40 minutes), it was 
removed, wrapped in aluminum foil, and chilled until

Sampling Design and Methods 15
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analyzed with a scanning spectroflourophotometer to 
determine the presence of optical brighteners (proce 
dure modified from Fay and others, 1995).

After flushing the virus filter holder apparatus 
with about 20 gal of well water, a 1-MDS filter was 
inserted into the filter holder to sample for enteric 
viruses. About 60 to 80 gal of well water were pro 
cessed through the 1-MDS filter at a rate of approxi 
mately 1.5 gal/min (gallons per minute). After 
disconnecting the virus filter holder apparatus from the 
well system, the filter holder was drained and the filter 
was double bagged and stored on ice until shipped to 
the analyzing laboratory. The virus samples were col 
lected following the procedures described in the 
USEPA Information Collection Requirements (ICR) 
rule for the collection of samples for protozoa and 
enteric viruses (U.S. Environmental Protection 
Agency, 1995a). All samples represented untreated, 
natural water from the sampled aquifer.

Water samples were collected and analyzed for 
nitrate plus nitrite, nitrite, ammonia, ammonia plus 
organic nitrogen, phosphorus, orthophosphate, total 
organic carbon, and color. These constituents may 
serve as an indication of land surface contamination 
present in the aquifers. The NWQL, in accordance 
with procedures described in Fishman and Friedman 
(1989) and Fishman (1993) performed all chemical 
analyses. Ten quality control samples were collected at 
10 wells during the sampling period. Four blank and 
six replicate quality-control samples were collected to 
monitor for contamination of the sample. Blank sam 
ples were collected to monitor for contamination by 
field procedures, equipment, and conditions. Replicate 
samples were collected to monitor analytical accuracy. 
Nutrients and TOC were analyzed in the field blanks 
and replicate samples. Most constituent concentra 
tions were below the method reporting level (MRL) in 
the 4 field blanks with the following exceptions: (1) 
total ammonia detected in 2 field blanks [MRL 0.05 
milligrams per liter (mg/L); detect concentrations 
ranged from 0.059 to 0.065 mg/L]; (2) total nitrite 
detected in one field blank [MRL 0.01 mg/L; detected 
0.012 mg/L]; (3) total phosphorus detected in one field 
blank [MRL 0.01 mg/L; detected 0.014 mg/L]; and (4) 
total orthophosphorus detected in one field blank 
[MRL 0.01 mg/L; detected concentration 0.011 mg/L]. 
Nutrient and total organic carbon concentrations in the 
replicate samples were comparable and well within 
laboratory analytical error.

The USGS field crew, according to procedures 
described in Myers and Wilde (1997), analyzed the 
sample water collected in the 500-mL polyethylene 
bottle for fecal indicator bacteria. Fecal indicator bac 
teria are cultured because they typically are not dis 
ease-causing organisms, though they can indicate the 
presence of several disease- causing waterborne patho 
gens from the wastes of warm-blooded animals. 
Escherichia Coli (E. coli) bacteria detected in water is 
direct evidence of fecal contamination from warm 
blooded animals and indicates the possible presence of 
pathogens (Dufour, 1977). The presence of these indi 
cator bacteria indicates a potential public health risk. 
Fecal coliform, fecal streptococci, and E. coli were the 
fecal indicator bacteria cultured. Each type of bacteria 
was cultured using a 100-mL sample. Blank plates 
were run with each set of samples to check for contam 
ination of the equipment and reagents used in the pro 
cess.

RNA Hybridization Microprobe 
Techniques

RNA hybridization techniques were used to 
identify specific bacterial sources, such as cattle, poul 
try, or humans. If 10 or more colonies per 100 mL of 
sample developed from the fecal indicator bacteria cul 
ture, a 1-L bottle of well water was sent to the labora 
tory for a 16S rRNA (ribosomal ribonucleic acid) 
oligonucleotide hybridization probe. RNA hybridiza 
tion probes can identify fecal bacteria unique to a host 
species, which identifies the source of the bacteria. 
This RNA probe uses the sequences of unique nucleic 
acid on the ribosomal RNA present in particular bacte 
ria species to identify the host animal (Amann and oth 
ers, 1995). The oligonucleotide probes used in this 
study include the Universal sequence, E. coli, Enter- 
coccus faecalis, Salmonella sp., Bacteroides vulgatus, 
Fibrobacter succinogenes, and a negative control. The 
Universal sequence attaches to a rRNA sequence com 
mon to all bacteria. The E. coli attaches to E. coli 
sequences and confirms the traditional plate method. 
The Entercoccus faecalis attaches to the fecal strepto 
coccus sequence and confirms the traditional plate 
method. Additionally, higher numbers of Entercoccus 
faecalis are found in non-human wastes, although this 
is not a conclusive test for other warm-blooded ani 
mals. Salmonella sp. attaches to several different Sal 
monella species, and could indicate poultry or non- 
healthy-human wastes. Bacteroides vulgatus attaches
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to anaerobic bacteria associated with humans and is 
indicative of human wastes being present. Fibrobacter 
succinogenes commonly are detected in cattle. The 
negative controls were not probed with any oligonucle- 
otide and are viewed as a negative control (T. Byl, 
USGS, written commun., 1997). On arrival at the lab 
oratory, the water sample containing the unknown bac 
teria was treated to extract a cleaned bacteria pellet. 
The bacteria pellet was then resuspended in phosphate 
buffer and an ethanol solution and stored at 4 °C 
(degrees Celsius) until testing. For testing, the bacte 
rial pellet was centrifuged at a 5,740 g-force to re- 
pelletize the bacteria, and then resuspended in a phos 
phate buffer to remove the ethanol. A 5-(0,g/L (micro- 
gram per liter) aliquot of the resuspended bacteria was 
air-dried, heat-fixed, and gram-stained onto a micro 
scope slide. Observations of staining and bacterial 
shapes were noted, when possible, to add strength to 
interpretations. Then the sample was incubated at 90 
°C to relax the ribosomes and to make the nucleic acids 
more accessible to the probes. After relaxing the RNA, 
the bacteria were incubated in a broth containing the 
fluorescent-tagged oligonucleotides. The oligonucle- 
otide probes enter the bacterial cells and bind to their 
complementary sequence. The slides were then viewed 
using an epiflourescent microscope that illuminates the 
flourescing cells. The flourescing cells can be counted 
to provide a bacterial quantity per known amount of 
sample water. If a complementary sequence is not 
present in the bacterial cell, the unbound oligonucle- 
otide will be flushed out of the cell during a series of 
rinses (T. Byl, USGS, written commun., 1997).

The enteric virus and coliphage sample was col 
lected by running 50 to 80 gal of untreated well water 
at 1 to 1.5 gal/min through the 1-MDS filter. The filter 
was then double bagged, iced, and sent by overnight 
mail to the analyzing laboratory. The University of 
New England (UNE) at Biddeford, Maine analyzed the 
samples for enteric virus and coliphages using proce 
dures outlined in the USEPA ICR rule (U.S. Environ 
mental Protection Agency, 1995b, 1996). At the UNE 
laboratory, viruses were extracted from the filter in a 
beef broth, concentrated, and prepared for inoculation. 
Part of the extract was used to determine the presence 
of enteric viruses; another part was used to determine 
the presence of coliphage. The part retained for enteric 
virus analysis was inoculated on an African Buffalo 
Green monkey kidney cell media. Buffalo Green mon 
key kidney cells are a continuous cell line and are 
highly susceptible to many enteric viruses (Dahling

and Wright, 1986; Dahling and others, 1984). After 
incubation, each culture was examined microscopi 
cally for the appearance of cytopathic effects or 
changes in cell morphology. Then the most probable 
number (MPN) of infectious total culturable viruses 
per liter with a 95 percent confidence level was deter 
mined. The presence of somatic coliphage and RNA 
(male specific) coliphage were detected by plaque 
assay. These coliphage assays use tryptone agar and 
incubation to develop the cultures. After incubation, 
the number of plaques are counted and recorded. Each 
of these procedures- enteric virus, somatic coliphage, 
and RNA coliphage use a positive and a negative con 
trol for quality assurance. The positive control ensures 
that the viruses can be recovered by using the intended 
method, and the negative control is used to verify ster 
ile procedure, equipment, and reagents.

PHYSICAL AND CHEMICAL QUALITY

The physical properties and chemical constitu 
ents analyzed at the sampled wells demonstrated vari 
able differences when compared by karst areas, 
geohydrology, soils, and land use. A statistical sum 
mary of the data is presented in table 3, which lists the 
minimum, maximum, and median concentrations along 
with the 10th, 25th, 75th, and 90th percentiles. As pre 
sented in table 4, at the back of this report, the majority 
of some constituent concentrations, such as ammonia 
plus organic nitrogen, nitrite, and phosphorus were 
below MRL's. There were a greater number of detec 
tions above MRL's with respect to the nitrite plus 
nitrate, ammonia, orthophosphate, and total organic 
carbon concentrations. No physical or chemical con 
centrations were greater than the Missouri drinking 
water standards (Missouri Department of Natural 
Resources, 1996).

Further analysis on the data was done by classi 
fying the wells by type; karst, geohydrology, soil, well 
age, or land use. Once the wells were classified, the 
data groups were tested for significant differences in 
distribution by using the nonparametric Kruskal-Wallis 
analysis of variance (ANOVA) (Helsel and Hirsch, 
1992, p. 163) test. The data groups are significantly dif 
ferent if the probability (p-value) is less than 0.05 per 
cent. A p-value of less than 0.05 indicates that there is 
a less than five percent chance that the observed differ 
ence is by chance. If a statistically significant differ 
ence was detected, these differences were further 
analyzed by applying Tukey's multiple comparison test
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(Helsel and Hirsch, 1992, p. 196) to the rank trans 
formed data. Then, if warranted, the data were graphi 
cally displayed using boxplots. Some data groupings 
resulted in sets of less than 10 wells. Data sets of 10 or 
less values are a nonideal for confident statistical test 
ing.

Analyzing the data by well age and construction 
characterization did not indicate any significant differ 
ences in the physical and chemical constituents. Well 
construction did not differ substantially from well to 
well. Most all wells were constructed in a similar man 
ner and were cased with steel. Also, many wells had 
incomplete well construction records that made analy 
sis difficult. Drill dates for the wells sampled ranged 
from 1900 to 1970, with a median year at 1951. Five 
wells were of undetermined age. The data was grouped 
by the years; 1900 to 1919,1920 to 1939,1940 to 1959, 
and 1960 to 1970. All groups consisted of 11 or more 
wells. The p-value for all constituents tested were 
greater than 0.12, indicating that there is no significant 
differences detected.

The data analyzed by karst-type groups demon 
strated that there were no significant differences 
between karst-type groups in regard to the nitrite plus 
nitrate, nitrite, ammonia, phosphorus, orthophosphate, 
and pH values. Graphical representation of the dis 
solved oxygen concentrations by karst type illustrate 
that higher concentrations appear to occur in the pri 
mary and secondary karst areas (fig. 10). Dissolved 
oxygen concentrations tended to be highest in the sec 
ondary karst areas. Tukey's multiple comparison test 
indicated that the dissolved oxygen concentrations in 
the secondary and non-karst areas were significantly 
different from each other (p=0.007), but that neither 
was significantly different from the primary karst area 
concentrations.

Grouping by aquifer type resulted in less than 10 
wells in most groups, which is nonideal for confident 
statistical comparison. The confined Ozark and the 
unconfmed Ozark aquifer type each have an adequate 
number of samples for statistical testing. Analyses of 
the data group by aquifer type showed no significant 
difference in the nitrite, nitrite plus nitrate, ammonia, 
orthophosphate, and phosphate concentrations between 
the two groups.

Significant differences in dissolved oxygen con 
centrations were detected between the confined Ozark 
and the unconfined Ozark aquifer types (fig. 11). The 
unconfined Ozark aquifer had mean dissolved oxygen 
concentrations three times that of the confined Ozark

group. Displaying nitrogen as ammonia concentrations 
graphically illustrates the occurrence of larger concen 
trations near the perimeter of the exposed part of the 
Ozark aquifer (fig. 12). Two alluvial wells in the Mis 
sissippi Embayment, reference numbers 93 and 8, also 
have larger concentrations.

Grouping sampled wells by soil landscapes 
resulted in two soils landscapes with less than 10 wells. 
The Alluvial Valley and the Northern Missouri Loess 
and Loess-Tilled Forest Natural Vegetation had six and 
five wells respectively. Comparing the data by soil 
landscape revealed that the constituent concentrations 
were similar for most constituents. Soil landscapes did 
not exhibit detectable effects on the nitrite plus nitrate, 
nitrite, orthophosphate, total organic carbon, pH, and 
dissolved oxygen concentrations. Phosphorus and 
ammonia concentrations were similar for all soil land 
scapes with the exception of the Alluvial Valley Land 
scape, which had six sampled wells and is not adequate 
for conclusive statistical interpretation (fig. 13).

Of the seven land use groupings, four had less 
than 10 wells and were inadequate for accurate statisti 
cal analysis. Although some groups had few wells, 
analysis of the data indicated that the concentrations 
were similar among groups for the nitrite plus nitrate, 
ammonia, phosphorus, and orthophosphorous constitu 
ents, and pH values, but there were substantial differ 
ences for a few parameters. Dissolved oxygen and 
alkalinity were statistically different when grouped by 
land-use type. Further analysis by Tukey's method 
indicated that dissolved oxygen concentrations were 
significantly different between the forest and urban/ 
agricultural land uses; and the forest and agricultural 
land uses; the forest land use had greater mean value 
(fig. 14). The alkalinity values were notably different 
between the urban/forest and agricultural, urban/for 
ested and urban/agricultural, and agricultural and for 
ested land-use types; the urban/forest had a greater 
mean value (fig. 14).

MICROBIOLOGICAL QUALITY

Microbiological samples were collected at all 
wells in the study. Less than 10 percent of the sampled 
wells had bacterial contamination, 3.7 percent of the 
wells tested positive for coliphages, and none of the 
wells tested positive for enteric viruses (table 5, at the 
back of this report). Of the wells sampled, 38 percent 
(41) were chlorinated and 62 percent (68) were not 
chlorinated before distribution to the customers.
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EXPLANATION
36°-'- 

Modified from Harvey (1980)

m PRIMARY KARST Greater than 10 sinkholes per 100 square miles

^H SECONDARY KARST Less than 10 sinkholes per 100 square miles

| | LOW-DENSITY KARST OR NONKARST Less than one sinkhole per 100 square miles

SAMPLED WELL AND REFERENCE NUMBER AND DISSOLVED 
OXYGEN CONCENTRATION, IN MILLIGRAMS PER LITER 

O62 Less than 0.1

 95 0.1 to 1.0

  29 1.1 to 2.0

 68 Greater than 2.0

Figure 10. Dissolved oxygen concentrations in relation to karst and nonkarst areas.
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Figure 11 . Distribution of dissolved oxygen concentration data within the unconfined Ozark and the 
confined Ozark aquifers.

E. coli was detected at nine wells and was the 
most detected bacterium sampled. The public-water- 
supply wells at Monett (reference number 2) and West 
Plains (reference number 40), had plate counts too 
numerous to count. Fecal streptococci was detected at 
seven wells, and also had plate counts too numerous to 
count at the Monett (reference number 2) and West 
Plains (reference number 40) wells. Fecal coliform was 
detected at eight wells, including too-numerous-to- 
count plates at the Monett and West Plains wells. There 
are no statistically significant correlations between the 
physical characteristics studied and the location of the 
bacteria detected. Bacteria were detected at all karst 
types; in the confined Ozark, unconfined Ozark, St. 
Francois, and alluvial aquifers, and in areas of agricul 
tural, forested, urban, and mixed land use. Most of the 
E. coli (6 of 9), fecal streptococci (5 of 7), and fecal 
coliform (6 of 8) detections were in samples from the 
unconfined Ozark aquifer. Although 55 percent of the 
wells sampled were located in the unconfined Ozark 
aquifer, the frequency of bacteria detections in this 
aquifer, compared to the other aquifers sampled, 
appears to be large.

Samples from five wells that had bacteria counts 
greater than 10 colonies per 100 mL of sample were 
sent to the laboratory for 16S rRNA oligonucleotide 
hybridization probe tests. Water samples from Mar- 
quand (reference number 53), Cape Girardeau Public 
Water Supply District No. 2 (reference number 12), 
Lebanon (reference number 50), Monett (reference 
number 2), and West Plains (reference number 40) 
were analyzed for specific human- or livestock-related 
bacteria.

The RNA hybridization probe tests conducted on 
the sample from the city of Marquand's well number 1 
(reference number 53) indicated that fecal bacteria (E. 
coli, E. faecalis, and Salmonella) were present. Tests 
for human and ruminant contamination were inconclu 
sive. The lack of a positive Bacteroides detection indi 
cates that the source of bacteria probably was from 
animals rather than humans.

The RNA hybridization probe tests conducted on 
the sample from the Cape Girardeau Public Water Sup 
ply District No. 2, well number 1 (reference number 
12), indicated that fecal bacteria (E. coli and Salmo-
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mild) were present. Ruminant bacteria also were 
present but the tests were inconclusive for human 
effects.

RNA hybridization probe tests on the sample 
from the city of Lebanon's North well (reference num 
ber 50) indicate that fecal bacteria (E. coli, Salmonella, 
Bacteroides, and ruminants) were present. The Leba 
non sample was positive for ruminant and human bac 
teria indicating several sources of contamination were 
possible. The sources of this contamination were not 
investigated for this study..

There were too many bacteria to count in the 
sample from the city of Monett's West County well 
(reference number 2). The laboratory observed natu 
rally or pre-stained bacteria fluoresce in the negative- 
control samples, making it difficult to interpret the 
other positive tests. The fluorescing bacteria could be a 
natural fluorescence by a cellular component such as 
phosphorus minerals in the cell, or chlorophyll mole 
cules. Another possible explanation is that the bacteria 
could have been pre-stained in the aquifer by a dye 
study or some other fluorescing molecule (optical 
brighteners), although tests conducted by this study did 
not detect fluorescing molecules in the aquifer. The 
tests conducted indicated that fecal bacteria (E. coli, 
Bacteroides, and ruminants) were present and were 
positive for ruminant and human bacteria.

RNA hybridization probe tests conducted on the 
sample from the city of West Plain's Cherry Street well 
(reference number 40) indicated that fecal bacteria (E. 
coli, Salmonella, Bacteroides, and ruminants) were 
present. These tests indicated that the sources of bacte 
ria may include animals and humans. The sample from 
West Plains also had fluorescing cells, possibly chloro 
phyll, and a large, multicellular round ball, like the 
green algae Volvox, present (T. Byl, USGS, written 
commun., 1998).

Samples from each well were processed and 
analyzed for the presence of RNA (male specific) and 
somatic coliphages. Coliphages were detected at four 
public-supply wells (table 4). The public-supply wells 
sampled at Monett (fig. 1, reference number 2) and 
West Plains (fig. 1, reference number 40) had large 
counts of both types of coliphage. The well at Monett 
had counts of 4,754 RNA and 8,897 somatic coliphages 
per 100 L. The well at West Plains had counts of 613 
RNA and 8,862 somatic coliphages per 100 L. These 
counts are considerably larger than what typically is 
developed from samples analyzed by the UNE labora 
tory (J.M. Vaughn, University of New England, oral

commun., 1998). RNA coliphage was detected in the 
city of Chamois well (fig. 1, reference number 67), 
although no bacteria colonies were detected at this 
well. The city of Lebanon's North well (fig. 1, refer 
ence number 50) had detection of somatic coliphages.

OPTICAL BRIGHTENER ANALYSIS

Private water and sewage systems can contribute 
to the microbiological contamination of public water 
supplies in karst aquifers. Poorly constructed wells and 
septic systems can allow surface contaminants to reach 
ground-water supplies and can create public health 
hazards by introducing potentially harmful microor 
ganisms. Because septic sewage systems rely on the 
percolation of wastewaters in the soil horizons, thin 
soils and karst topography can be an avenue for these 
wastes to impact ground-water supplies. Many house 
holds use laundry detergents with optical brighteners 
such as cyanuric chloride/diaminostilbene disulfonic 
acid, a whitener for cotton and other cellulosic mate 
rial. As households do laundry, optical brighteners are 
added to their septic system as gray water. A detection 
of optical brighteners in the sampled water is an indica 
tion of septic system impacts on ground-water supplies. 
The detection of optical brighteners could be an inex 
pensive method of evaluating this aspect of ground- 
water quality.

The presence of optical brighteners was deter 
mined by methods outlined by Fay and others (1995). 
The Kirkwood Ranney well number 3 (reference num 
ber 90) was the only well out of the 109 sampled that 
indicated the presence of optical brighteners. The Kirk- 
wood well is relatively close to a wastewater treatment 
facility, and is located in the floodplain of the Meramec 
River. The river stage was close to bankfull at the time 
of sampling. The wellhead also is located in a pit-type 
situation. The possibility exists that the optical bright- 
ener detected was residual from ground-water studies 
in the area. Upstream (west) from the Ranney well is a 
ground-water contamination situation involving 
trichloroethylene (TCE), which is the subject of many 
studies (U.S. Environmental Protection Agency, 1990). 
The lack of bacteria in the well-water sample indicates 
that the optical brightener may be from ground-water 
studies rather than from waste water effects. The results 
from this optical brightener study were inconclusive a 
to the effectiveness of this method. No optical bright 
eners were detected at sites where bacteria were
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detected. The low number of bacteria detects and low 
volume of water sampled may have contributed to the 
lack of detections.

GROUND-WATER VULNERABILITY 
ASSESSMENT

The USEPA has developed a plan designed to 
provide State public-water-supply agencies a method 
for identifying wells within their network that are vul 
nerable to possible microbiological contamination 
(U.S. Environmental Protection Agency, written com- 
mun., 1998). This plan is called the Ground Water Dis 
infection Rule (GWDR) Vulnerability Assessment 
Plan (VAP). This plan is designed to provide a tool to 
predict the likelihood of contaminants migrating from 
their source to the withdrawal point of a well by taking 
into account a variety of geohydrologic conditions, the 
presence of microbes in the past, and well construction 
that affect a well's vulnerability to microbiological 
contaminants. The vulnerability of a well is determined 
through a series of decision diagrams which incorpo 
rate the findings from three categories; the results of 
previous microbe monitoring, ground-water sensitivity 
to potential contamination, and well construction. The 
first category, results of previous microbe monitoring, 
reasons that if microbe contamination has been found 
in the past 5 years, the well is vulnerable to contamina 
tion regardless of the findings in the other two catego 
ries. Ground-water sensitivity is defined as the ability 
of the natural geohydrologic system to prevent the 
migration of microbe contamination to the ground 
water supply. In the presence of contamination, a well 
in a highly sensitive aquifer would be vulnerable to 
contamination regardless of the well construction. The 
third category, well construction, assumes that a poorly 
constructed well can provide a conduit for contaminant 
to reach the ground water regardless of the ground- 
water sensitivity. After the assessment, a well is judged 
to have low vulnerability to contamination, high vul 
nerability to contamination, or unknown vulnerability 
(because of the lack of data). This study has applied the 
VAP to selected wells to determine if vulnerability can 
be accurately predicted using this plan in the Ozark 
Plateaus.

Questionnaires requesting the information 
needed for the assessment were sent to all public- 
water-suppliers chosen for this study. Of the 109 ques 
tionnaires sent, 34 were returned. The information 
needed to assess the vulnerability includes results of

past microbe monitoring, conditions relating to 
ground-water sensitivity, and well construction. Gaps 
in required information gathered from the public water 
supplies were filled, if possible, by the USGS. When 
microbes were detected by this study, and no question 
naire was returned by the public water supplier, an 
attempt was made by the USGS to fill in the three data 
categories.

A summary of the data gathered for the applica 
tion of the VAP is listed in table 6, at the back of this 
report. Of the 41 wells assessed, 26 were rated "high 
vulnerability", 11 were rated "unknown vulnerability", 
and 4 were rated "low vulnerability". The reason that 
many of the wells were of unknown vulnerability is 
that the information concerning the casing and grout 
conditions was not known. Many of the public-water- 
suppliers had a paucity of well data on record and were 
unable to completely fill out the questionnaire. This 
may be because of the fact that the wells were older and 
were less likely to have sufficient information on con 
struction.

Ninety percent of the wells assessed using the 
VAP were rated as high or unknown in terms of vulner 
ability to contamination. On the basis of these results, 
along with consideration of land use (such as a large 
number of CAFOs (fig. 4)), bacterial contamination 
might be expected to be extensive in ground water of 
the Ozark Plateaus. Bacteria were detected at less than 
10 percent of the wells sampled. Although contamina 
tion currently appears localized (for example, at Mon- 
ett and West Plains), the vulnerability that is indicated 
by an assessment such as VAP indicates the importance 
of water-quality monitoring.

Comparing microbe detects from this study to 
the vulnerability ratings of table 6 indicates that six of 
the microbe detects correspond with high vulnerability, 
five with unknown vulnerability rating. Although the 
VAP was useful in predicting which wells were of low 
vulnerability and was collaborated by no microbe 
detect from this study, the overwhelming percentage of 
high or unknown vulnerability ratings of the wells sam 
pled obfuscated areas of likely microbe contamination.

SUMMARY AND CONCLUSIONS

Karst terrain, intensive agricultural operations, 
large numbers of on-site sewage systems, and poor well 
construction can lead to microbiological contamination 
of the aquifer systems that are used to supply drinking 
water from the more than 3,700 public wells in Mis-
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souri. State resource managers are concerned about the 
impact of these conditions on the microbiological and 
chemical quality of the ground water in the State. Site- 
specific studies and routine regulatory monitoring have 
produced information on the overall quality and pota 
bility of the State's public-drinking-water supplies, but 
little is known about the presence of viruses. To 
address these concerns, the U. S. Geological Survey, in 
cooperation with the Missouri Department of Natural 
Resources, Public Drinking Water Program, selected 
and sampled 109 public-water-supply wells from April 
through July 1998. These wells were sampled during 
the wet-weather season to increase the possibility of 
detecting the sampled constituents. The wells sampled 
for this study were selected to represent older wells 
(pre-1970), various land uses, geohydrology, and con 
struction to determine their effects on the chemical and 
microbiological quality of the ground water. A survey 
of optical brighteners was conducted to determine their 
effectiveness as an indicator of contaminant migration 
from onsite sewage systems to the sampled aquifer. An 
rRNA hybridization analysis was included in this study 
to identify the type of organisms that are involved in 
the microbiological contamination of affected wells. 
The effectiveness of the U. S. Environmental Protec 
tion Agency Ground Water Disinfection Rule Vulnera 
bility Assessment Plan was determined for public wells 
used for this study.

Of the 109 wells sampled, approximately 55 per 
cent (60 wells) were located in the unconfined Ozark 
aquifer, 29 percent (32 wells) in the confined Ozark 
aquifer, 5 percent (5 wells) in the St. Francois aquifer, 
5 percent (5 wells) in the mixed St. Francois and uncon 
fined Ozark aquifer, 4 percent (4 wells) in the McNairy/ 
Wilcox aquifer, and 3 percent (3 wells) in an alluvial 
aquifer. Twenty-three percent (25 wells) of the wells 
sampled are in the primary karst area, 18 percent (20 
wells) in the secondary karst, and 59 percent (64 wells) 
in the non-karst area. More than one-half of the wells 
sampled are located in soils of the Southern Missouri 
Residual and Loess-Residual landscape. Of the public- 
water supplies sampled, 62 percent (68 wells) were not 
chlorinated; 38 percent (41 wells) did chlorinate. There 
was great variability of well age, ranging from 29 to 99 
years old. The well depths ranged from 21 (City of 
Marquand, reference number 53) to 2,217 (City of 
Jackson, reference number 11) ft deep. Altitude at the 
wellhead ranged from 240 (KK Water Supply Co., ref 
erence number 10) to 1,642 (City of Seymour, refer 
ence number 107) ft. Wells were fitted with either

submersible or vertical turbine pumps. The majority of 
the wells were located in or on the outskirts of cities 
and towns; few were located in a strictly rural setting. 
Of the 109 wells, 38 percent (41 wells) were located in 
agricultural areas, 30 percent (33 wells) were in for 
ested areas, 14 percent (15 wells) in mixed agricultural 
and forested areas, 8 percent (9 wells) in mixed urban 
and forested areas, 9 in mixed urban and agricultural 
land-use areas, and 2 percent (2 wells) in urban areas.

Samples from each well were analyzed for phys 
ical, chemical, and biological factors. All samples rep 
resented untreated, natural water from the sampled 
aquifer. The physical properties included pH, specific 
conductance, temperature, and dissolved oxygen. The 
chemical constituents included nutrients, alkalinity, 
total organic carbon, and color. Biological parameters 
consisted of E. coli, fecal streptococci, fecal coliform, 
enteric viruses, RNA and somatic coliphages, and 
rRNA hybridization. Quality-control samples were 
collected for all types of samples collected.

The physical properties and chemical constitu 
ents analyzed demonstrated differences when com 
pared by karst areas, geohydrology, soils, and land use. 
The majority of ammonia plus organic nitrogen, nitrite, 
and phosphorus concentrations were below laboratory 
detection levels. There was a larger number of samples 
with values greater than detection limits with respect to 
the nitrite plus nitrate, ammonia, orthophosphate, and 
total organic carbon concentrations.

The data were analyzed by applying the non- 
parametric Kruskal-Wallis analysis of variance test and 
Tukey's multiple comparison test. These analyses of 
the physical and chemical data indicated grouping of 
similar and dissimilar concentrations, though no con 
centrations were determined to be above the Missouri 
Drinking Water Standards. The hydrologic, physical, 
and land-use differences between regions would lend 
itself naturally to some differences in the physical and 
chemical constituent concentrations measured for this 
study. Analyzing the data grouped by karst type dem 
onstrated that there were no significant differences 
except for dissolved oxygen, which showed apprecia 
ble differences in values between the secondary and 
non-karst area, although both were similar to the pri 
mary karst type. The Mississippi Embayment generally 
had larger constituent concentrations than the other 
geohydrologic groups, with significant differences per 
taining to ammonia and total organic carbon concentra 
tions. Comparing the data by soil type revealed that the 
constituent concentrations were statistically similar
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among all soil types except for the Alluvial Valley 
Landscape, which was different in regards to phospho 
rus and ammonia concentrations. Analyzing the data 
grouped by land-use type indicated that the concentra 
tions were statistically similar for most constituents, 
though dissolved oxygen and alkalinity values were 
statistically different in a variety of land-use combina 
tions.

Analysis of microbiological samples demon 
strated that less than 10 percent of the wells had bacte 
rial contamination, 3.7 percent of the wells tested 
positive for coliphages, and none of the wells tested 
positive for enteric viruses. The public wells sampled 
at Monett and West Plains had high levels of both bac 
teria and coliphages.

Bacteria was detected at all karst types, in the 
confined Ozark, unconfined Ozark, St. Francois, and 
alluvial aquifers, and in areas of agricultural, forested, 
urban, and mixed land use. Most E. coli were detected 
in the unconfined Ozark. Five wells that had bacteria 
counts greater than 10 col/100 mL of sample were ana 
lyzed by rRNA hybridization techniques. These five 
wells had bacteria contributed from a variety of 
sources, predominately by ruminant and human 
sources. Two wells, Monett and West Plains, had indi 
cations of the presence of chlorophyll.

None of the wells sampled were determined to 
have enteric viruses, although four wells were deter 
mined to have RNA and/or somatic coliphages present. 
The wells at Monett and West Plains had large values 
of both coliphage types. Virus populations fluctuate 
with the natural conditions of aquifers, which tend to 
make their detection a hit-or-miss opportunity. More 
than a single sampling opportunity is needed to defini 
tively address the presence or lack of viruses in the 
drinking-water-supply aquifers. The two sampling 
rounds of Phase I (Davis, 1999) and the single sam 
pling of Phase II studies give three opportunities for 
viral detection, and the results seem to indicate that the 
presence of enteric viruses in public-drinking-water 
supplies are not a major health concern in the Ozark 
region of Missouri.

A comparison of the USEPA Ground-Water Dis 
infection Program -Vulnerability Assessment Plan 
with the results from this study was made to determine 
the effectiveness of the Vulnerability Assessment Plan 
for predicting possible well contamination in the Ozark 
region. Because of unknown and high vulnerability rat 
ings of the wells by the Vulnerability Assessment Plan, 
97 percent of the 39 wells assessed would fall into the

high category for microbial contamination. Though 
this area had a high vulnerability rating, less than 10 
percent of the wells sampled had bacterial contamina 
tion. This would indicate that although the Ozark 
region is at high risk for contamination, currently 
(1999), contamination problems are of a localized 
nature.

The overall health of the ground water used for 
public-water supplies in the study has been determined 
to meet or exceed State regulations. With the exception 
of localized problems, the physical, chemical, bacte 
rial, and viral constituent values are not at a level of 
concern at this time. The character of the geology, 
hydrology, soils, and land use in the Ozark region does, 
however, indicate that a constant vigilance is needed to 
assure that surface contamination does not become a 
problem.
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Table 6 - Total vulnerability ranking according to the USEPA Ground Water Disinfection Rule"- 
Vulnerability Assessment Plan
[PWSD, Public Water Supply District]

Reference 
number 
(fig. 1)

1
2
6
8
12

17
21
22
27
28
32
34
39
40
41
42
44
45
46
48
50
52
53
55
56
60
67

68
69
79
80
81
85
88
90
97
98
101
102
104
109

Public water 
supply name

Purdy
Monett
Ionia
Qulin
Cape Girardeau
PWSD #2
Sparta
Pilot Grove
Steelville
Urbana
Salem
Washington
Rosebud
Wheatland
West Plains
Howell Co.
Willow Springs
Belleview
Sarcoxie
Carl Junction
Herculaneum
Lebanon
Miller
Marquand
Belle
Noel
Jamestown
Chamois
Gainesville
Frohna
Dixon
Ellington
Centerville
Benton
Bonne Terre
Kirkwood
Forsyth
Summersville
Licking
Irondale
Williamsville
Mountain Grove

Microbes 
previously 
detected

yes
unknown
unknown
no
unknown

unknown
yes
unknown
no
yes
no
no
unknown
yes
yes
no
yes
yes
no
yes
unknown
no
unknown
unknown
unknown
unknown
yes
yes

yes
no
no
yes
unknown
unknown
unknown
unknown
no
no
yes
unknown
unknown

Vulnerability

Ground water 
Sensitivity

low
low
low
low
unknown

low
low
low
low
high
unknown
unknown
low
high
high
high
unknown
low
low
unknown
high
high
high
unknown
low
high
high
high

low
low
high
unknown
low
high
high
high
high
high
low
unknown
high

Well 
construction

acceptable
unknown
unknown
unknown
unknown

unknown
unknown
unknown
acceptable
acceptable
acceptable
unknown
unacceptable
unknown
unknown

unknown
unacceptable
acceptable
acceptable
acceptable
unacceptable
unacceptable
unknown
acceptable
unknown
unknown
acceptable
unknown

acceptable
unacceptable
unknown
unknown
unknown
unknown
unknown
acceptable
acceptable
acceptable
unknown
unknown

Total 
Vulnerability

high
unknown
unknown
unknown
unknown

unknown
high
unknown
low
high
unknown
unknown
high
high
high
high
high
high
low
high
high
high
high
unknown
low
high
high
high

high
low
high
high
unknown
high
high
high
high
high
high
unknown
high

Microbes 
detected in 
this study

no
yes
no
no
yes

no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
yes
no
yes
yes
no
no
yes
no

no
no
no
no
yes
no
no
no
yes
no
yes
yes
no
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