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Executive Summary

Ground water quality under subdivisions with Individual Sewage Treatment
Systems (unsewered areas) often differs from water quality under areas serviced by
municipal sewers. We conducted a study to evaluate water quality under three unsewered
areasin Minnesota. The three sites are located in areas underlain by unconfined sand and
gravel aquifersthat are considered vulnerable to contamination. Site 1, located in central
Minnesota, comprises approximately 1.5 square miles and consists primarily of single
family dwellings, located on 0.25 to 1 acre lots, that are less than 15 years old. Site 2,
located in north-central Minnesota, comprises approximately 2.5 square miles and
consists primarily of single family dwellings, located on 1 acre lots, that vary in age from
the 1970'sto 1990's. Site 3 isan approximately 5 square mile area located in east-central
Minnesota that consists primarily of single-family dwellings that vary in size from 0.25 to
0.5 acres and are generally more than 15 years old, with some lots being more than 30
years old.

Median nitrate concentrations at the water table were 4.10 mg/| at Site 1, 6.42
mg/l at Site 2, and 5.92 mg/| at Site 3. These concentrations were statistically equal
between the three sites. Nitrate concentrations decreased rapidly with depth at Sites 1 and
2, with denitrification apparently accounting for most of the nitrate loss. At Site 3, nitrate
concentrations slowly decreased with depth, probably because of both dilution and
denitrification. Nitrate concentrations in domestic wells from all three sites increased
with increasing age of the septic system, with a slope of approximately 0.17 mg/l/year.
The correlation with age may be due to several factors. Firgt, nitrate may gradually build

up in ground water over time. Second, the ammonium adsorption capacity of the soil



treatment zone may be fully utilized in older systems, leading to increased |eaching of
ammonia. Third, ammonia may be weakly adsorbed as saturated and reducing conditions
occur in the soil treatment zone under ISTS that are nonconforming. Ammoniareaching
ground water may subsequently be oxidized, leading to nitrate contamination. Nitrate
concentrations were not correlated with most other measured parameters. Twenty-seven
percent of samples collected at the water table exceeded the drinking water standard of 10
mg/l, compared to a predicted value of 25 percent based on knowledge of the nitrate
distribution at the three sites. Only one domestic well (1 percent of all samples) had a
concentration greater than 10 mg/I, but an additional 20 wells had concentrations between
5and 10 mg/l. Fifteen of these 20 wells were at Site 3.

Concentrations of other inorganic chemicals in ground water were below levels of
concern. Phosphate concentrations were less than 0.05 mg/l. Concentrations of chloride
were elevated at the water table at each of the three sites, but decreased with depth at
Sites 1 and 2. Impacts from ISTS penetrated more deeply into the aquifer at Site 3,
probably because of the older median age of ISTS and because the aquifer iswell mixed
and oxidized to depths of 100 feet or more.

Coliform bacteria were present in most samples collected at the water table.
Concentrations were highest at Site 3, with a median concentration of more than 2000
MPN/100-mL. These elevated concentrations, combined with elevated concentrations of
ammoniaand Kjeldahl nitrogen at Site 3, suggest that nonconforming systems are
present, since these chemicals should be observed in low concentrations under properly

functioning systems.



Impacts from ISTS are evident in shallow ground water. These impacts can
extend deeply into ground water if an aquifer iswell mixed and oxidized conditions are
maintained with depth. Nitrate and pathogens are the primary concerns for drinking
water under unsewered developments. Proper maintenance of septic systems will
minimize the potential impact from pathogens. Impacts from nitrate can be minimized by
balancing lot size and well placement. In some aquifers, such asthe aquifer at Site 3,
larger lot sizes and stringent controls on maintenance of ISTS are needed to minimize

impacts from septic systems.



Literature Review

Individual septic treatment systems (ISTSs) are designed to treat human waste.
Properly functioning systems are effective at filtering raw waste, bacteria, viruses, and
most chemicals (such as phosphorus and metals), thus preventing them from reaching
ground water. They are not effective at attenuating nitrogen within the unsaturated zone,
however, because ammonia-nitrogen in septic effluent is converted to nitrate at the
bottom of the treatment system. This treatment system, called the biological mat,
primarily attenuates organic matter and microbes (Noss and Billa, 1988; Kaplan, 1987;
Brown, 1980; Walker et a., 1973a,b).

Table 1 summarizes the chemistry of effluent in septic tanks from several studies.
Compared to ground water, septic effluent is enriched in ammonia, chloride, organic
carbon, phosphate, potassium, sodium, and Kjeldahl (total) nitrogen. Septic effluent also
contains pathogens and may contain elevated concentrations of volatile organic

compounds (VOCs) and trace elements, such as boron, compared to ground water.

Chemical Robertson | Harman et | MPCA, Ground
etal., 1991 | al., 1996 1999 water?
Alkalinity 365 802 432 249
Ammonia 30 128 56 0.17
Calcium 40 137 60 51
Chloride 45 207 51 0.8
Dissolved organic carbon 37 19.2 11 2.9
Magnesium 14 25 15 18
Nitrate-N 1 <0.10 0.025 0.12
Phosphate 8 9 8 0.03
Potassium 12 43 16 0.5
Sodium 98 107 69 3.6
Sulfate-S 27 59 0.9 2.6
Total Kjeldahl nitrogen - 152 70 0.7

1 For unconfined sand and gravel aquifers (from MPCA, 1998)
Table 1: Comparison of chemical concentrations (mg/l) in septic tanks.



The primary concerns for ground water occur when septic systems are built on
coarse-textured soils overlying a shallow unconfined aquifer, or when noncompliant*
systems overlie a shallow unconfined aquifer. Chemicals that pass through the biological
mat and into underlying coarse-textured soils (soil treatment zone) proceed vertically
through the unsaturated zone and into ground water. When ISTSsfail, saturated
conditions occur in the soil treatment zone and organic matter, phosphorus, and ammonia
can leach to ground water. Once in ground water, a septic plume devel ops and moves
with ground water flow. Approximate times for septic effluent to pass through the
unsaturated zone to ground water range from afew hoursto fifty days, depending on the
volume of effluent and the distance to ground water (Robertson et a., 1991; Robertson,
1994; Robertson and Cherry, 1995). A septic plume may be characterized by
concentrations of chemicals, such as chloride and sodium, which are higher than
concentrations outside the plume.

We included a comprehensive literature review in thisreport. Thereview is
divided into discussions of nitrate, pathogens, phosphorus, organic chemicals, and other

inorganic chemicals.

Nitrate
Table 1 indicates that about 80 percent of the nitrogen in septic effluent isin the
form of ammonia, with most of the remainder in organic forms. Thereislittle nitrate in

septic effluent. Wilhelm et al. (1994) and Harman et al. (1996) observed rapid

! Minnesota Rule 7080.0060 defines minimum technical standards and criteria for compliant ISTS. Systems
not meeting these requirements are considered noncompliant. These include systems with inadequate



transformation of ammoniato nitrate directly beneath septic tile lines. Using datafrom
Table 1 and assuming no organic nitrogen is oxidized to nitrate, about 25 percent of
ammonia-nitrogen in septic effluent is transformed to nitrate-nitrogen (Robertson et al.,
1991; Harman et al., 1996; MPCA, 1999a). The remainder may be lost as ammonia gas
or adsorbed as ammonium. Assuming about 18 pounds of nitrogen per person are
released to a septic system annually and considering a family of four on 0.5 acrelots,
about 45 pounds of nitrogen per acre are added to ground water from ISTS. This may be
aconservative value if organic nitrogen is transformed to nitrate or if soil adsorption
capacity decreases over time. Thisvalue isless than the amount of nitrogen added under
irrigated agriculture, where nitrogen losses range from 70 to more than 150 pounds per
acre, depending on cropping practices and climate (Randall and Iragavarapu, 1995;
Jemison and Fox, 1994; Steinhemmer et al., 1998). Even under fertilized pasture,
nitrogen losses may exceed 50 pounds per acre (Owenset a., 1994). Under fertilized
turfgrass, nitrogen losses are typically about 25 pounds per acre, while under unfertilized
turfgrass, losses are about 10 pounds per acre (Geron et al., 1993).

There are significant differences in the distribution of nitrate under unsewered
areas compared to other land uses. Nitrate is concentrated within a plume that originates
beneath the septic drainfield. Consequently, nitrate concentrations may be very high,
exceeding 50 mg/l, in portions of an aquifer impacted by 1STSs, while other portions of
the aguifer may not be impacted.

Nitrate within the plume is conservative when oxygen is present and thereis an

insufficient food supply to sustain intensive microbial activity (Wilhelm et al., 1996;

vertical separation in the soil treatment area, systems that are not failing, and systems that do not pose an



Steinheimer et al., 1998). Nitrate within a septic plume moves at arate similar to the
ground water velocity. Nitrate plumes slowly attenuate due to plant uptake, dilution from
recharge water, dispersion within the aquifer, and denitrification. None of these typically
leads to rapid attenuation of nitrate and concentrations can exceed drinking water criteria
at distances of 300 feet or more from the drainfield.

Predicting nitrate concentrations in an unsewered area with 1STSs consists of
quantifying the contribution of each system. It isdifficult, however, to predict the nitrate
concentration in specific locations, because severa factors affect nitrate leaching through
the unsaturated zone and subsequent movement in ground water. These factorsinclude
density and age of septic systems, water use patterns, aquifer hydrogeology and
geochemistry, and performance of individual systems. Mixing of individua plumes,
seasonal changes in ground water flow and nitrogen inputs, effects of surface water
bodies, and local pumping from wells further confound our interpretation of nitrate
distribution in ground water.

Hantzsche and Finnemore (1992) drilled several wellsin three different
unsewered developments and reported mean nitrate concentrations ranging from 9.6 to
13.9 mg/l. Concentrationsin individual wells ranged from less than 3.0 mg/l to 65.0
mg/l. Quan et al. (1974) sampled several domestic wellsin a deep sand and gravel
aquifer and found concentrations between 5.0 and 11.0 mg/l. Harmsen et al. (1996)
installed multilevel wells along two hydrologic transects in two separate unsewered
subdivisions with lot sizes ranging from 0.5 to 0.7 acres. Concentrations of nitrates

ranged from 5.0 to 15.0 mg/l, with average concentrations of 6.0 to 8.0 mg/l. Tinker

imminent public health threat.



(1991) measured nitrate concentrations in residential wellsin five unsewered subdivisions
with lot sizes ranging from 0.5 to 1.1 acre. Concentrations gradually increased from 1.0 to
13.0 mg/I from the up-gradient to the down-gradient edge of the subdivisions. Miller
(1975) observed median nitrate concentrations of 2.0 and 13.0 mg/l in ground water under
0.5 acre lot developments that were two and 15 years old, respectively.

Ground water quality within an aquifer will continue to change until plumes from
individual systems stabilize. Research results suggest that lot sizes of 1.0 acre or lessin
sandy soils result in nitrate concentrations exceeding the drinking water criteria of 10
mg/I over more than 10 percent of the aquifer (Hantzsche and Finnemore, 1992;
Anderson et al., 1987; Baumann and Schafer, 1984). Considering one acre lots and a 30-
foot wide plume where nitrate concentrations exceed 10 mg/I for a distance of 300 feet,
about 20 percent of the upper few feet of an agquifer will be contaminated above the
drinking water standard. Increasing lot size is an effective way of minimizing nitrate
impacts to ground water, but this leads to urban sprawl and creates a variety of other
environmental problems, such as habitat destruction and increased fuel consumption for

transportation.

Pathogens

Human waste contains about 3 X 10 coliform bacteria/200-ml and may contain
similar concentrations of viruses following viral infections (DeBorde et al., 1998). The
most common water-borne diseases are typhoid fever, bacillary dysentery, infectious
hepatitis, and amoebic dysentery (Brown, 1980). Most bacteria and parasites are filtered

out of the soil, but this mechanism is not very effective for viruses. The main removal



mechanism for viruses is adsorption, primarily to organic matter and clay (Kaplan, 1987).
Bacteria survival in the drainfield istypically less than 100 days. A septic systemin a
sandy soil can be very effective at decreasing bacteria numbers because of filtration in the
bio-mat followed by unsaturated flow through small pores below this, aswell as low soil
moisture. However, a strong recharge pulse or a fluctuating water table can wash many
of the bacteria from the bio-mat if they remain viable (Reneau, 1978). Viruses survive
longer than bacteria, but their life expectancy is less than one year on average. High
temperatures, dry soils, and low pH will decrease concentrations of bacteria and viruses.
Effective removal of bacteriarequires 3 to 4 feet of unsaturated soil and a stable water
table. If bacteria do pulse through with recharge, they are somewhat conservative and
rapid breakthrough is observed.

Bacteriophage or poliovirus are good indicators of virus transport, but coliform
bacteria are the most common indicator used in research. Survival time of virusesin
ground water are usually days or less, but viruses are very mobile. Virus and bacterial
transport in ground water can be rapid and occur over distances of 400 feet or more
(Yatesand Y ates, 1988; Brown, 1980; Hagedorn et al., 1978; Reneau, 1978).

Hagedorn et al. (1978) observed movement of Sreptococcus and E. coli primarily
in down-gradient flow directionsin ground water. They observed that peak bacterial
counts in shallow water table wells located within 10 feet of the drainfield corresponded
with the peak precipitation eventsin the wells. Therewas alag of around 8 daysin
deeper water table wells. Bacteria always moved 10 feet or more within 24 hours of a
rain event. Thisisfaster than predicted and reflects some dispersion mechanismin

ground water. Bacterial counts were similar within three feet of the disposal area, but



then decreased by 2 to 3 orders of magnitude within 45 feet. Reneau (1978) observed
about an order of magnitude decrease in populations in ground water for every 10 feet
down-gradient of the drainfield. MPCA (1999a) observed concentrations of total
coliform bacteriain excess of 200 MPN (most probable number)/100-mL in septic tank
effluent from seven systems in Baxter, Minnesota, but concentrations were typically less

than 1 MPN/100-mL within 30 feet of the treatment system.

Phosphorus

Phosphorus is the chemical of greatest concern for septic systems located adjacent
to lakes, rivers, and wetlands. Concentrations in excess of about 0.050 mg/l can stimulate
growth of algae in surface waters. Table 1 indicates that phosphorus concentrations in
septic effluent are about two orders of magnitude higher than this. Wilhelm et al. (1994)
and Brown (1980) report that most phosphorus goes into the septic tank in organic forms,
but that orthophosphate accounts for about 80 percent of the total phosphorus in the tank
effluent. We observed similar results in samples from septic tanks in Baxter, Minnesota
(MPCA, 19993).

Phosphorus precipitates and is adsorbed in the unsaturated zone. Calcium
carbonate, metal oxides, and organic matter are the primary adsorption media. Aluminum
and iron species control precipitation reactions (Harman et a., 1996). Adsorbed
phosphorus is sparingly soluble, and 50 percent or more cannot be desorbed. Within the
soil treatment system, particularly in close proximity to the septic pipes, precipitation

reactions control the fate of phosphorus (Robertson et al., 1998).
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Phosphorus moves in ground water but, because it is strongly adsorbed,
movement is retarded compared to the velocity of water and other solutes such as
chloride and nitrate. Retardation rates vary from 20 to 100 (Robertson et al., 1991,
Robertson et al., 1998; Harman et a., 1996). Robertson et al. (1998) observed
phosphorus migration exceeding 30 feet in six of ten plumesinvestigated. The greatest
movement occurred in calcareous sands. Harman et al. (1996) found phosphorus
concentrations of lessthan 1 mg/I directly beneath a 44-year old system servicing an
elementary school. Rea and Upchurch (1980) observed adsorption of phosphorus within
45 feet of the drainfield. Reneau and Pettry (1976) found little detectable phosphate
within 40 feet of the drainfield. Reneau (1979) observed a logarithmic decreasein
phosphate down-gradient of the drainfield. MPCA (1999a) found that phosphorusin
septic plumes approached background concentrations within 40 feet of the treatment
system. Movement of phosphorus rarely exceeds 15 to 40 feet, even in very old systems
(Wilhelm, et al., 1994; MPCA, 1999a). The literature suggests that compliant septic
systems located 100 or more feet from a surface water body will effectively minimize the

risk of phosphorus loading.

Organic chemicals

Synthetic organic chemicals are not a component of human waste. Oil and optical
brighteners, however, are commonly found in laundry effluent (Fay et al., 1995; Alhgjjar
et al, 1990; Kaplan, 1987). Some Volatile Organic Chemicals (VOCs) have been used
for odor control (Robertson, 1994). VOCs may aso be introduced into septic systems

after household use (e.g. paints, varnishes, degreasers). Most organic compounds will be
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attenuated within the soil treatment system because they are strongly adsorbed to organic
matter. If synthetic organic chemicals pass below the treatment zone, they will be
conservative in ground water and may therefore travel long distances within the aquifer.
We observed VOCs in septic tank effluent from seven systems sampled in Baxter,
Minnesota (MPCA, 1999a). As many as 11 different chemicals were detected in
individual plumes, with the maximum total concentration of VOCs being 0.80 mg/I.
Toluene, xylene, methyl ethyl ketone, and chloroform were the most frequently detected
chemicals. Toluene, xylene, and methyl ethyl ketone are associated with ails, paints, and
household solvents. Chloroform occurs when chlorine is used as a disinfectant in water
supplies. Despite the presence of VOCsin septic effluent, they were detected in only a
few samples at very low concentrations in ground water down-gradient of the treatment

system.

Other Inorganic Chemicals

Human waste contains a variety of other chemicals, including chemicals found at
high concentrations (sodium, potassium, and chloride) and several elements found at
relatively low concentrations. Table 2 summarizes chemical information from our study
of septic plumes in Baxter, Minnesota (MPCA, 1999a). Boron, chloride, iron, potassium,
and sodium concentrations were much higher in septic effluent than in ground water not
impacted by a septic plume. Concentrations of calcium, chromium, zinc, and manganese
were somewhat higher in septic effluent. Chloride, potassium, and sodium are potentially
good indicators of septic impacts to ground water. Chlorideis by far the most

conservative of these in ground water. We observed chloride concentrations in plumes
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greater than background concentrations for distances of up to 400 feet in Baxter,

Minnesota, although the average distance was about 150 feet. Sodium was attenuated in

ground water, but was often observed at elevated concentrations more than 100 feet from

the drainfield. Concentrations of these major ions were well below drinking water

standards.
Chemical Tank effluent Maximum in Ground water!
plume
Aluminum < 0.050 <0.050 < 0.050
Boron 0.62 0.27 0.033
Cadmium <0.0015 <0.0015 < 0.0015
Calcium 60 46 48
Chloride 51 107 20
Chromium 0.0067 <0.0031 0.0041
Copper <0.0051 0.0055 0.0058
Iron 14 0.23 0.075
Lead <0.025 < 0.025 <0.025
Magnesium 15 12 10
Manganese 0.35 0.065 0.10
Nicke < 0.0060 0.013 < 0.0060
Potassium 16 13 47
Sodium 69 145 12
Sulfate 0.90 9.3 41
Zinc 0.030 0.0098 0.0074

! Data for a shallow sand and gravel aguifer, Baxter, Minnesota (from MPCA, 1999a)

Table 2: Comparison of chemical concentrations in septic tank effluent, maximum
concentrations found in ground water plumes, and background concentrations in ground
water. Concentrations arein mg/l.

Table 2 indicates that concentrations of trace elements under septic drainfields are

similar to background concentrations, except for boron. Thereislittle information in the

literature on the fate of trace elements from septic waste. Harman et a. (1996),

Robertson and Blowes (1995), and MPCA (1999a) observed concentrations of trace

metals that approached background concentrations in ground water within afew feet of

the septic drainfield. Most trace elements are strongly adsorbed in the soil treatment
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system, except in poorly buffered soils where the pH islessthan 6.0. Boronisa
somewhat conservative chemical in ground water (MPCA, 1999a), but concentrations

within the septic plume are typically below the drinking water standard of 0.60 mg/I.

MATERIALSAND METHODS
In 1998 and 1999 we sampled ground water under three unsewered subdivisions
in Minnesota. Our objectives were to
1. determine the spatial distribution of nitrate in ground water under unsewered
subdivisions; and

2. identify factors affecting the distribution of nitrate under unsewered communities.

Description of Study Areas

Site 1isal.5 square mile arealocated near St. Joseph, Minnesota (Figure 1). This
area of the state has experienced rapid urban growth within the past 10 years, primarily
associated with the nearby metropolitan area of St. Cloud. The surficia geology of the
area consists primarily of outwash deposits of sand and gravelly sand (Myer and Knaeble,
1995). Localized alluvium and organic deposits less than six feet thick occur along
Watab Creek and Watab Lake, which dissect the study area. Soils consist of the
Hubbard-Dickman association, which comprises nearly level to gently sloping,
excessively and well-drained, moderately coarse- and coarse-textured deposits on
outwash plains and stream terraces (United States Department of Agriculture, 1985).
Average annual precipitation is 27.6 inches, with 17.6 inches occurring during the period

May through September. Average annual recharge is approximately 9.8 inches.
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Site 2 (Figure 1) isa 2.5 square mile arealocated in Baxter, Minnesota. Baxter is
part of an urban area of about 40000 people. Considerable changesin land use have
occurred in the past 10 years, including expansion of areas served by ISTSs. Surficial
geology consists of outwash deposits of sand and gravelly sand. Localized alluvium
consisting of less than six feet of silt loam and loamy sand occurs aong riversin the area.
Isolated peat deposits and sandy till lenses are found in the study area but comprise small
areas. Peat deposits, where they are mapped, are associated with organic deposits greater
than three feet in thickness and are found in marshes, often adjacent to lakes and
drainageways. Till deposits are sandy loam, unsorted, and become very dense with depth.
Precambrian age deposits underlie the area, but these are more than 100 feet below the
land surface and are unimportant hydrologically. Soils belong to the Menahga and
Zimmerman series. These soils consist of light colored, well drained, medium acid loamy
soils 4 to 8 inches thick over fine and medium sand. Sands are limy below 3 to 5 feet.
Peat occurs in depressions over approximately five percent of the area. Poorly drained
sandy tills, such as those from the Lino series, occur as lenses within the well-drained
sands (USDA). Average annual precipitation in the study areais about 28.3 inches, 10.6
of which falls between June and August. Average July and January temperatures are
approximately 69.8 and 10.4 °F, respectively. The frost-free period extends from mid-
May to late-September. A shallow sand and gravel aquifer occurs within 15 feet of the
land surface. The aquifer is unconfined and ranges in thickness from 30 to 90 feet.
Annual recharge to the aquifer is approximately 5.9 inches.

Site 3isab5 square mile arealocated in eastern Washington County near

Lakeland, Minnesota (Figure 1). The Lakeland areais asmall, unsewered community
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consisting of approximately 5000 people. Surficial geology consists of coarse sand,
gravel, and gravelly sand terrace deposits (Minnesota Geological Survey, 1990). Bedrock
units of Early Paleozoic Age underlie the township. Soilsfrom the Sparta-Dickman-
Hubbard association cover the area. These are level to moderately steep, well drained and
excessively drained, medium and coarse textured soils (USDA). Average annua
precipitation is 27.6 inches, with about 17.7 inches falling between April and September.
Depth to bedrock varies from zero to over 180 feet, but is between 70 and 100 feet across
most of the area. An unconfined sand and gravel aquifer underlies the areaand is found

at a depth of 45 to 75 feet below the land surface.

Figure 1: Location of study sites.
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Site Characteristics

Ground water underlying each of the three study areas is classified as being

vulnerable to contamination. These designations are based on the presence of coarse

textured soils that overlie unconfined aquifers. Water thus travels quickly through the

unsaturated zone and into ground water.

In addition to the hydrogeol ogic vulnerability, the three study areas were chosen

because they represent a variety of characteristics that could potentially affect ground

water quality. These characteristics include age of development, lot size, type of use

(seasonal or year round), family size, likelihood of having compliant systems, and

physical factors such as depth to water and type of aquifer underlying each area. Table 3

summarizes some of these factors.

Characteristic Site 1 Site 2 Site 3
Median age of system (years) 8 6 20
Median lot size (acres) 0.25 1 0.251t0 0.5
Type of use Permanent Seasonal/permanent Permanent
Median home size 3.49 people 3.5 3 bedroom
% Compliant systems" 60% have permit 50% Probably < 50%
Median depth to water 16 15 45
Aquifer type Medium sand Fine sand Sand over limestone

! Estimates provided by local water managers
Table 3. Characteristics of the three study areas.

Site 1 (St. Joseph’s) isa small subdivision surrounded by row crop agriculture.

Most of the homes were built between 1985 and 1995. The areais slowly transitioning to

unsewered land use. Lot sizes of newer developments are typically one acre or more, but

most of the area sampled for this study represents older devel opments, with the average

lot size being less than 0.5 acre.
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Site 2 (Baxter) includes a mixture of old and new homes. Although the median
age of ahome in the Baxter areais about 6 years, core areas in Baxter developed in the
1970's, typically on 1 acre lots, often along lakes. Development in the Baxter area has
increased rapidly in recent years.

Site 3 (Lakeland) consists of homes that were built on 0.25- to 0.5-acre lots more
than 20 years ago. It islikely that many of the older systems are not compliant. High

nitrate concentrations have been documented for severa years.

Sampling Design and Data Collection

Sampling at each site included temporary and permanent wells screened at various
depths in the aquifers. Figures 2 through 4 illustrate sampling locations. Temporary
wells consisted of using direct push technology to install 1.25 inch wells that were
screened at the water table or within ten feet of the water table. Permanent domestic

wells comprised deeper sampling points.
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Figure 3: Sampling locations at Site 2 (Baxter).
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Figure 4: Sampling locations at Site 3 (Lakeland).

Samples from domestic wells were collected from an outside spigot. Once the
spigot was turned on, continuous measurements of oxidation-reduction potential (mV),
temperature (°C), pH, specific conductance (umhos/cm), and dissolved oxygen (mg/l)
were taken using a'Y SI 600 XL multiparameter probe. Samples were collected once
temperature, specific conductance, and pH had stabilized to 0.1°C, 10%, and 0.1 pH unit,
respectively, for three successive readings. Samples for inorganic chemicals were
analyzed at the University of Minnesota Research Analytical Laboratory. MPCA (1998b)
presents laboratory analytic methods and reporting limits. Samples for total coliform
bacteria and E. coli bacteria were analyzed at the Minnesota Department of Health.

Alkalinity, chloride, nitrate, reduced iron, and sulfate were measured in the field using

20



commercialy available field test kits. MPCA (1998c¢) describes field sampling methods.
All samples for laboratory analysis were packed in coolers at 4°C and delivered to
laboratories within required holding times.

At temporary wells, we collected continuous soil samplesin four foot intervals
and performed textural analysis. For samples collected at the water table, four-foot
screens (0.010 dlot, stainless steel) were installed approximately halfway across the water
table. A two-foot screen was used at deeper depths to provide a more discrete sampling
interval. Samples were pumped using a peristaltic pump until sample turbidity became
uniform and field parameters stabilized. Sample parameters were the same as for
domestic wells.

Decontamination procedures for bacteria samples included scrubbing the screen,
screen sheath, and any probe rod or connections that intersected the water column with a
bleach solution (approximately 1 cup bleach per 5 gallons water). The equipment was
then rinsed with tap water and then with deionized water. Sampling tubing was discarded
after each use. Latex gloves were worn during sampling.

Field and laboratory duplicates were performed at arate of ten percent. There
were no significant differences in concentrations between primary and duplicate samples.
Laboratory spikes were within 5 percent of complete recovery for anions and within 10

percent for cations. Table 4 summarizes the number of samples collected for each study.

Sitel Site 2 Site3
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Chemical Temporary|Domestic| Temporary|Domestic | Temporary| Domestic
well well well well well well
Alkalinity 0 24 12 0 0 42
Aluminum 11 24 0 0 0 29
Ammonia 11 24 12 0 9 44
Bacteria 6 23 0 0 9 43
Boron 11 24 12 0 0 29
Cadmium 11 24 0 0 0 29
Calcium 11 24 12 0 0 29
Chloride 11 24 12 32 9 29
Chromium 11 24 0 0 0 29
Copper 11 24 0 0 29
Dissolved organic
carbon 10 24 12 0 9 2
Dissolved oxygen 11 24 12 32 8 43
Eh 11 24 12 31 9 43
Iron 11 24 12 33 0 29
Lead 11 24 0 0 0 29
Magnesium 11 24 12 0 0 28
Manganese 11 24 12 0 0 29
Nickel 11 24 0 0 0 29
Nitrate 11 24 12 33 9 44
pH 11 24 12 32 8 43
Phosphate 11 24 12 0 0 29
Phosphorus 11 24 12 0 9 0
Potassium 11 24 12 0 0 28
Sodium 11 24 12 0 0 29
Specific
conductance 11 24 12 32 8 43
Sulfate 11 24 12 0 9 29
Temperature 11 24 12 31 8 43
Total Kjeldahl
nitrogen 11 24 12 0 9 0
Tritium 0 24 0 0 0 0
Zinc 11 24 12 0 0 29

Table 4: Number of samples collected for different chemicalsin each study area.




Statistical Methods

Statistical methods included the Kruskal-Wallis and Mann-Whitney tests for
group comparisons. Factorsincluded study area and well depth. We used the Spearmann
rank method to identify relationships between sampled chemicals and parameters.

We used two independent methods to test for normality in our sample
populations. These included regression analysis and the Komogorov-Smirnov or
Shapiro-Wilk tests. If apopulation is normally distributed and there are no samples
below the reporting limit, we can estimate the percentage of samples that will exceed a
certain concentration by calculating the standard error of the population. Usually, we
want to calculate the percent of samples that will exceed the drinking water standard.
When some of the samples were below the reporting limit for a particular chemical, but
we knew the population was normally distributed, we used the Helsel Robust Method
(Newman et a., 1995). This method assumes anormal distribution and calcul ates or
predicts concentrations for the samples below the reporting limit by using information
from the data that were above the reporting limit. We then calculated the standard error
with these new values and determined the percent of samples above the drinking water

standard.

Results and Discussion

We present results separately for nitrate, phosphorus, bacteria, and for other

inorganic chemicals.
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Nitrate

Figure 5 illustrates median concentrations of nitrate in temporary well samples
from the three study sites. These represent nitrate concentrations near the water table,
where we expect impacts from septic systemsto be greatest. There were no significant
differences in nitrate concentrations between the three study areas (p = 0.612).
Concentrations were 4.10 mg/l at Site 1, 6.42 mg/l at Site 2, and 5.92 mg/| at Site 3. The
drinking water standard of 10 mg/l was exceeded in 3 temporary wells at Site 1 (25

percent of sampled wells), 3 wells at Site 2 (33 percent), and 1 well at Site 3 (9 percent).

@ Sitel ESite2 OSite3

Nitrate (mg/l)

Figure 5: Median nitrate concentrations in temporary wells at Sites 1, 2, and 3.

A few temporary well samples at each site were below the reporting limit. In
samples with detectable levels of nitrate, we ordered the samples from low to high nitrate
concentration and found that the concentration of nitrate increased linearly with the

sample number at Sites 2 and 3 (p < 0.01) and was described by
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Nitrate Concentration = a + b* sample number [Eq. 1]

where aisthe intercept and b the slope (Figure 6). Eqg. [1] was not a strong indicator of
the distribution at Site 1. This may be due to the presence of denitrifying conditionsin
some samples at Site 1 or to the presence of a single high concentration in one of the
sampled wells. Eq. [1] assumes that denitrifying conditions are not present in asample.
Table 5 provides a summary of the regression analysis using Eq. [1]. Slopes of the
regression lines differed significantly between sites. The significant correlation between
nitrate and sample number at Sites 2 and 3 indicates a normal distribution of nitratein
ground water at these sites. Further tests of normality using the Komolgorov-Smirnov
and Shapiro-Wilk tests confirmed the normal distribution of nitrate at these two sites (p >
0.100). This means we can use the Helsel Method to estimate the percent of samples that
are likely to exceed the drinking water standard of 10 mg/I. Using this method, we
calculated that 28 percent of samples at Site 2 would be expected to exceed the drinking
water standard, and 22 percent at Site 3. Comparing this to the percentages that we
observed, we find that predicted (28 percent) and measured (33 percent) values are
relatively close at Site 2. At Site 3, our sampling (9 percent) greatly underestimated the

expected percent (22 percent).

Site p-value Correlation Slope UCL of dlope
coefficient
1 0.0501 0.606 1.99 2.97
2 0.00078 0.944 3.47 3.94
3 0.00084 0.795 1.42 1.79
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Table 5: Summary of regression analysis using Eq. [1]. UCL = the 95" percent upper
confidence limit of the slope.

A Site1 M Sjte2 ® Site3

- 25; -
£ 20 -
Qo . A ] ™
Q_ J
~ 157

] ] °
2 10 - °
© ] ]
- ] A u o ®
E 5 A A A

0 AA‘A EEEN ‘Q_Q“'
0 5 10 15 20 25 30

Sample number

Figure 6: Distribution of nitrate in temporary well samples screened at the water table.

At Site 1, the distribution of nitrate at the water table was affected by aquifer
geochemistry. The median Eh was 227 mV and the median concentration of dissolved
oxygen was 0.8 mg/l. These are conditions favorable for denitrification. Nitrate was
present only in samples with Eh values greater than about 235 mV. Nitrate
concentrations in these samples were strongly correlated with concentrations of dissolved
oxygen (p < 0.001, R? = 0.835) and negatively correlated with concentrations of
manganese (R* = -0.518). Because of the presence of nitrate-reducing conditions, the
impact of septic systems on the distribution of nitrate was masked by the geochemistry of
ground water. Nitrate was negatively correlated with dissolved organic carbon (R = -

0.369), total Kjeldahl nitrogen (R? = -0.376), and total coliform bacteria (R* = -0.627).
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The correlations with carbon, Kjeldahl nitrogen, and coliform bacteria may provide
evidence of the presence of noncompliant septic systems. Only 60% of the systems are
considered to be in compliance within the study area. Many of the homes are more than
15 years old, although the median age was 8 years. Organic matter and bacteria are
introduced to ground water when septic systems are not functioning properly. Under these
conditions, ammonia, rather than nitrate, will be the form of nitrogen most prevalent in
ground water. Table 6 summarizes a comparison of geochemistry in samples with
detectable nitrate and those with no detectable nitrate. The data show that total
concentrations of nitrogen in the upper part of the aquifer are similar in oxygenated and
anaerobic samples, but that the form of nitrogen differs. The total concentration of about
1 mg/I-nitrogen is significantly higher than the 0.29 mg/I-nitrogen observed in nearby
samples collected from areas with undeveloped land use (MPCA, 1999b). These results
indicate that about 0.7 mg/l of nitrogen have been added to the aquifer from septic

systems (about 3.1 mg-nitrate/l).

Characteristic Detectable nitrate No detectable nitrate
Nitrate (mg/l) 4.3 <0.50
Dissolved oxygen (mg/l) 3.75 0.48
Eh (mV) 285 186
Ammonia (mg/l) 0.07 1.10
Kjeldahl nitrogen (mg/l) 0.22 2.06
Nitrogen as N (mg/l)* 1.06 0.96
% of Nitrogen as nitrate 91 6

1 Does not include Kjeldahl nitrogen
Table 6: Comparison of geochemistry in samples having detectabl e nitrate and having no
detectable nitrate.

Nitrate concentrations at Site 1 decreased rapidly with depth (Figure 7). Within
about 10 to 15 feet of the top of the aquifer, nitrate concentrations decreased to below the

reporting level of 0.50 mg/l. In 12 of 24 samples collected more than 10 feet below the

27




top of the aquifer, tritium was detected at a concentration greater than 10 TUs (MPCA,
1999b). The water from these samples is thus considered to be younger than 1953. Since
thereis“young” water deeper in the aquifer but nitrate concentrations are low, nitrates are
being attenuated with depth. Denitrification and dilution are the two most likely
attenuation processes. Denitrification is probably the more important mechanism, since
nitrate concentrations decrease abruptly below 10 feet. Dilution would lead to amore
gradual reduction in nitrate concentrations. Most wells at Site 1 are screened below the
oxidation-reduction (redox) boundary, where nitrate is denitrified, and are therefore not

vulnerable to nitrate contamination.
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Figure 7: Distribution of nitrate and tritium with depth at Site 1.

In temporary well samples from Site 2, there were no differences in redox
chemistry between samples with detectable nitrate and samples with no detectable nitrate
(Table 7). Eh and dissolved oxygen concentrations in samples with no detectable nitrate

were 268 mV and 9.33 mg/l, respectively, compared to 245 mV and 4.08 mg/l in samples
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with detectable nitrate. The upper few feet of the aquifer is oxygenated throughout the
study area and is therefore vulnerable to nitrate contamination. The highest nitrate
concentrations were located between White Sand and Perch lakes. These are heavily
developed areas where homes are typically more than 15 yearsold. Although Table 3
indicated most septic systems are in compliance in the study area, three of four siteswe

inspected showed inadequate soil thickness over the septic drainfield (MPCA, 1999a).

Site Nitrate Ammonia | DOC! TKN DO Eh Chloride
(mg/l) (mg/l) (mg/l) (mg/l) (mV) (mg/1)
2 Detected 0.060 3.7 0.42 4.16 224 14.2
Not detected 0.048 3.1 0.15 551 221 8.9
3 Detected 0.74 3.2 1.54 10.10 453 66.4
Not detected 0.46 3.1 1.52 7.40 476 34.1

1 DOC=Dissolved organic carbon, TKN=Total Kjeldahl nitrogen, DO=dissolved oxygen
Table 7: Geochemistry for samplesin which nitrate was detected and not detected in
temporary well samples screened at the water table.

Nitrate decreases abruptly at a depth of about 15 feet below the water table at Site
2. Within the upper 15 feet of the aquifer, the median concentration of dissolved oxygen
was 2.62 mg/l, median Eh was 261 mV, the median iron concentration was 0.17 mg/l, and
the median nitrate to chloride ratio was 0.08. Below 15 feet, the median concentration of
dissolved oxygen was 0.39 mg/l, median Eh was 77 mV, median iron concentration was
2.6 mg/l, and the median nitrate to chloride ratio was 0.03. Conditions below 15 feet are
nitrate-reducing, but the decrease in nitrate to chloride ratio with depth is not particularly
rapid. Itispossiblethat thereislittle mixing throughout the aquifer, as was evident at
Site 1. Wedid not collect tritium samples at Site 2 and cannot therefore suggest a

mechanism for nitrate attenuation with depth.
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Figure 8: Distribution of nitrate with depth at Site 2.

Domestic wells with detectable nitrate at Site 2 were associated with septic
systems that were more than 20 years old, while samples with no detectabl e nitrate were
associated with septic systems that were generally less than 10 yearsin age (Figure 9). It
isunclear if the differences in nitrate concentration are due to performance of the septic
systems or to gradual accumulation of nitratesin ground water. Most of the systemsin
older areas of Site 2 are likely to be noncompliant. This should have little effect on
nitrate concentrations unless the ammonium adsorptive capacity of soils has been utilized.
There are many shallow domestic wells at Site 2 and these may be vulnerable to nitrate
contamination. Wells screened more than 15 feet below the top of the aquifer do not

appear to be vulnerable to nitrate contamination.
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Figure 9: Distribution of nitrate as a function of age of well. Y ear represents the year that
awell wasdrilled.

In temporary well samples at Site 3, redox differences were not evident between
samples having detectable nitrate and those with no detectable nitrate (Table 7). Aswith
Site 2, the distribution of nitrate appears to be controlled by inputs of nitrogen. Nitrate
concentrations in temporary well samples were positively correlated with chloride,
sulfate, depth to water, and total coliform bacteria (p < 0.01 for all tests).

Nitrate concentrations do not decrease with depth in the upper 130 feet of the sand
and gravel aquifer (Figure 10). Concentrations in the underlying bedrock aquifer are
below the reporting limit of 0.50 mg/l. Figure 11 summarizes Eh concentrations with
depth in the sand and gravel aquifer and for the bedrock aguifer. The entire sand and
gravel aquifer isoxidized and nitrate is not reduced. The aquifer appears to be well
mixed as evidenced by the presence of nitrate to 130 feet. Thereisno correlation
between nitrate concentration and the year in which awell was drilled (Figure 12). The

entire sand and gravel appears to be vulnerable to contamination with nitrate.
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Figure 10: Distribution of Eh and nitrate with depth at Site 3.

OO0 to 50 feet 0051 to 100 feet M101 to 125 feet B Bedrock aquifer

4007

3001

2007

Eh (mV)

NN N\

1007

O.

Figure 11: Distribution of Eh with depth at Site 3.
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Figure 12: Distribution of nitrate as a function of year of well installation at Site 3.

Bacteria

There were 46 samplesfor E. coli and total coliform bacteria collected from
domestic wells at Site 3 and 25 samples at Site 1. Six samples were collected from
temporary well samples at both sites. Bacteria samples were not collected at site 2.

Coliform bacteriawere detected in al six temporary well samples at Site 1 (Table
8). The concentration in one sample exceeded 200 MPN/100-mL, but concentrationsin
the remaining samples were less than 100 MPN/100-mL. Concentrations of coliform
bacteriain temporary well samples were positively correlated with sodium (R? = 0.578),
total Kjeldahl nitrogen (R? = 0.549), phosphorus (R? = 0.401), anmonia (R? = 0.344), and
negatively correlated with specific conductance (R* = -0.766), Eh (R? = -0.352), and
depth to water (R? = -0.342). The correlations with reduced forms of nitrogen and with

phosphorus indicates that noncompliant systems may exist within the study area.
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Coliform bacteriawere detected in 11 of 25 domestic wells sampled at Site 1. One
well had a concentration greater than 200 MPN/100-mL, but concentrations were less
than 25 MPN/100-mL in the remaining wells. There were no correlations between
concentrations of coliform bacteria and other sampled parameters, including depth to
water and well depth. Since we do not know the age of each system we sampled, we used
the age of awell as a surrogate for age of the septic system. In most cases, thisisan
accurate approximation, since both well and septic system would have been installed
about the time the home was constructed. The median age of wells for samples with
detectable bacteria and no detectable bacteria were equal (8 years). E. coli were detected
at a concentration of >200 MPN/100-mL in the temporary well sample that had total
coliform concentrations greater than 200 MPN/100-mL. E. coli were not detected in any

other temporary well or domestic well sample.

Sitel Site3
Temporary Wells Temporary Wells
wells wells
No. samples 6 25 6 46
No. detections 6 11 6 9

Median 34.5 <1 1800 <1

Minimum 1 <1 116 <1
Maximum > 200 > 200 > 2000 > 200

Table 8: Date summary for total coliform bacteriafrom temporary well and domestic well
samples. Concentrations are MPN/100-mL.

Coliform bacteriawere detected in al temporary well samples at Site 3.
Concentrations in three samples at Site 3 exceeded 2000 MPN/100-mL. Concentrations
in the four temporary well samples collected in the northern part of the study area (Figure

4) exceeded 1000 MPN/100-mL, while the two samples collected from the southern part
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of the study area had lower concentrations (>200 and 31 MPN/100-mL). The median age
of septic systems in the southern half of the study was 9 years, compared to a median age
of 21 yearsin the northern half. Although lot sizes are somewhat larger in the southern
portion of the study area, age of system appears to be an important factor affecting
concentrations of coliform bacteria. The results suggest that many of the systemsin the
northern part of the study area are noncompliant.

Coliform bacteria were detected in 9 of the 46 domestic wells sampled at Site 3. A
concentration of more than 200 M PN/100-mLwas detected in one well, but
concentrations in the remaining 8 wells were less than 100 MPN/100-mL. All nine
detections were located in the northern part of the study area, where older systems occur
(Figure 13). There were no correlations between concentrations of coliform bacteria and
other sampled parameters, including well depth or depth to water.

There were two temporary well samplesin which E. coli was detected at Site 3
(11 and 7 MPN/100-mL). These were from samples that had total coliform
concentrations of more than 2000 MPN/100-mL. E. coli was not detected in any

domestic well sample.
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Figure 13: Locations where total coliform bacteria were detected in samples from
domestic wells at Site 3. Contours show year in which the domestic wells were drilled.
Phosphorus

Median concentrations of phosphate were 0.03 mg/l at Site 1 and 0.02 mg/| at
Sites 2 and 3. There were no differences in concentrations of phosphate between sites or
between temporary and domestic well samples. There were no correlations between
phosphate concentrations and concentrations of other sampled chemicals. There was no
effect of date of well installation on phosphate concentrations. The maximum
concentration was 0.17 mg/l and only five of 76 samples exceeded 0.05 mg/l. Phosphate
does not appear to represent a concern in ground water under unsewered communities,

but our data do not represent potential concerns of phosphate in individual plumes.
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Other Inorganic Chemicals

Table 9 summarizes ground water quality information for temporary well samples
at each of the three sites. Concentrations of chloride and nitrate were higher under
unsewered land use than under undeveloped land use (MPCA, 1999b). Site3is
characterized by high concentrations of chloride, ammonia, Kjeldahl nitrogen, and
sulfate, and by high Eh. Site 3 also had high concentrations of coliform bacteria. Site 3
appears to be the most impacted of the three sites. Thisis probably due to the older age
of the septic systems at Site 3. As plumes continue to expand with time, chemicals such
as nitrate and sulfate accumulate to higher concentrations in ground water. The presence
of reduced nitrogen and coliform bacteria indicate the presence of noncompliant systems,
and these are more likely with older systems. Concentrations of ammoniaat Site 3 (0.54
mg/L) may represent a concern for surface water, since the Class || Aquatic Life Standard
for unionized ammoniais 0.040 mg/l.

Table 10 summarizes chemical concentrations in domestic wells at each of the
three sites. Concentrations at Sites 1 and 2 are within the range of background
concentrations for similar aquifers statewide (MPCA, 1998b). Impacts from ISTSs at
Site 3 extend deeply into the aquifer as evidenced by the elevated concentrations of
chloride and nitrate. Drinking water standards for boron were exceeded in four wells at
Site 1. These elevated concentrations are probably associated with Cretaceous shale,
which underlies the study area and has high concentrations of boron. Glacial deposits
that comprise the aquifer at Site 1 likely contain weathered shale. The drinking water

standard for nitrate was exceeded in only one domestic well. This occurred at Site 2.

37



There were, however, an additional 20 wells with concentrations of 5 mg/| or greater.

Fifteen of these were at Site 3.

Chemical Site 1 Site 2 Site3 | Background
Alkalinity - 164 - 241
Ammonia 0.085ab | 0.055b 054 a 0.050
Boron 0.026 0.016 - 0.016
Calcium 89 59 - 66
Chloride 19.6 ab 12.6b 41.6 a 1.85
Dissolved organic carbon 2.90 3.10 3.10 5.10
Dissolved oxygen 2.88 4.16 3.30 5.10
Eh 247 b 234 b 437 a 318
Iron <0.100 | <0.100 - 0.0055
Magnesium 26 11 - 23
Manganese 0.091 0.206 - 0.0050
Nitrate 4.10 6.42 5.92 0.70
No. samples 8 9 9 -
pH 7.00 7.29 6.74 7.31
Phosphorus 0.095 0.030 - 0.019
Potassium 1.63 1.15 - 1.09
Sodium 24.0 6.44 - 5.77
Specific conductance 628 439 389 427
Sulfate 6.65 a 2.68b 6.91 ab 2.92
Total Kjeldahl nitrogen 0.29b 0.31b 152 a 0.200
Zinc < 0.001 0.007 - 0.0075

Table 9: Summary information for temporary well samplesat Sites 1, 2, and 3. Vaues

represent median concentrations. Concentrations are in mg/l (ppm), except Eh (mV), pH,

specific conductance (umhos/cm). Within arow, different letters indicate median
concentrations that differ at a significance level of 0.05. Values shown in bold indicate

concentrations that differed between undevel oped and unsewered land uses.

Chemical

| Sitel

| Site2

|  Site3

| Background |
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Alkalinity 246 a - 210b 238
Aluminum < 0.050 - < 0.050 0.0012
Ammonia 0.37a - 0.075b -
Boron 0.078 a - 0.027 b 0.024
Cadmium <0.0010 - <0.0010 < 0.020
Calcium 63 - 66 74
Chloride 56¢C 26 b 43 a 5.8
Chromium <0.0030 - < 0.0030 0.55
Copper < 0.0054 - < 0.0054 6.3
Dissolved organic carbon 1.05 - 0.75 2.4
Dissolved oxygen 0.83b 0.82b 7.1a <0.50
Eh 211b 154 b 266 a 187
Iron 0.13b 0.40a 0.10c 0.81
Lead 0.020 - 0.020 0.00018
Magnesium 23b - 27a 22
Manganese 0.14a - 0.0018 b 0.18
Nickel < 0.0061 - < 0.0061 < 0.0061
Nitrate <0.50b <0.50b 35a <0.50
pH 1.47 7.58 7.56 7.21
Phosphate 0.020 - 0.020 -
Phosphorus 0.02 - - 0.056
Potassium 24a - 1.8b 1.8
Sodium 9.5 - 13 5.0
Specific conductance 490 b 247 ¢ 634 a 465
Sulfate 9.18a - 528D 4.3
Temperature 9.9b 9.3c 10.7 a 8.8
Total Kjeldahl nitrogen 0.42 - - -
Zinc 0.0074 b - 0.038 a 0.012

Table 10: Concentrations of chemicalsin domestic wells at Sites 1, 2, and 3. Values
represent median concentrations. Concentrations are in mg/l (ppm), except Eh (mV), pH,
specific conductance (umhos/cm). Within arow, different letters indicate median
concentrations that differ at a significance level of 0.05. Background concentrations are
for water table aquifers from the statewide baseline study (MPCA, 1998b).
Cumulative and Compar ative Risk

The Minnesota Pollution Control Agency is attempting to implement a

multimedia approach to assessing environmental quality, with the objective of identifying

environmental priorities. Two concepts that are part of this approach are cumulative risk

and comparative risk. We define the cumulative risk to an individual (human or
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ecological) as the sum of risks from different exposure pathways, such as drinking water,
contact with soil, and inhalation of air. If we add the risks from each pathway, or media,
we can identify the total risk and determine which mediais most important. This priority
setting isaform of comparative risk, that is, comparing the risk between different media.
Within a particular media, we can also compare different types of human activity. For
example, we can ask the question “What is the ground water risk associated with different
land uses, such as unsewered residential, sewered residential, and agricultural land use?’.
It is beyond the scope of this paper to present a comprehensive assessment of
cumulative and comparative risk for the three study areas. Our dataindicate that, in
shallow ground water, the median concentration of nitrate is about 6 mg/l. Thisis 60
percent or 0.6 of the drinking water criteria. A risk value of 1.0 (100 percent) indicates
the potential for adverse health impacts. Although “average” ground water under
unsewered communities is below this risk value, septic systems contribute significantly to
therisk value. Additionally, about 25 percent of shallow ground water exceeds the
drinking water criteriafor nitrate (risk value is greater than 1.0). There do not appear to
be impacts from other chemicals, although we tested for a limited number of chemicals.
Of the chemicals we sampled for, nitrate is the only chemical of concern in ground water
under unsewered residential areas. Since nitrate affects the blood system, exposure to
other chemicals that also affect the blood system can raise the risk value above the target
level of 1.0. Thisexposureincludes all media (air, water, soil). We conclude therefore,
that in shallow ground water, septic systems have a sufficient impact on water quality to
warrant additional analysis of other media or to implement management strategies to

decrease exposure risk.
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One management strategy isto drill degper wells. At Sites 1 and 2, there was no
increased risk from septic systems below depths of about 20 feet. At Site 3, drilling
deeper wells will not decrease exposure risk. Additional risk analysis of other mediais
warranted or other management strategies must be implemented.

Although ground water under unsewered areas is impacted by nitrate,
concentrations of nitrate are considerably less than those under irrigated agriculture
(MPCA, 1999b), where the risk value is typically greater than 1.0 and often greater than
2.0. Nitrate concentrations under dryland agriculture are ssimilar to those under
unsewered residential communities with lot sizes of about 1 acre. Concentrations of
nitrate under sewered residential areas are much less than under unsewered residential
areas. There may be concentrations of other chemicals, however, such as volatile organic
compounds, that pose risks to drinking water receptorsin sewered areas (MPCA, 1999b).
Treatment of municipal wastes in sewered areas may also lead to surface water pollution,
which may affect ecological receptors or diminish the aesthetic value of the surface water.
Consequently, it isimportant for communities dealing with the question of devel opment
and whether or not to sewer to compare potential impacts from different land uses, of

different management strategies, and from different media.

Summary
Nitrate represents the chemical of greatest concern in ground water under
unsewered developments. Median nitrate concentrations in shallow ground water under
three unsewered developments fell within arange of 4.1 to 6.4 mg/l. The probability of

exceeding the drinking water standard of 10 mg/l was about 25 percent. Nitrate
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concentrations decreased abruptly within 15 feet of the top of the aquifer at Sites 1 and 2,
probably as aresult of denitrification. Concentrations did not decrease with depth in the
sand and gravel aquifer at Site 3, and no nitrate-reducing zone was observed. Nitrate
concentrations were correlated with age of development. Thisis primarily due to the
gradual buildup of nitrate as plumes expand in the aquifers underlying the study areas, but
may also be related to the performance of individual septic systems.

Phosphorus concentrations were very low and were less than 0.050 mg/l in most
samples. Concentrations of other inorganic chemicals were low throughout the aquifers
underlying the study areas, with the exception of chloride. Concentrationsin domestic
wells were below drinking water standards except for nitrate in asingle well at Site 2.

Coliform bacteria were present in shallow ground water samples. Concentrations
were highest at Site 3 and exceeded 2000 MPN/100-ml under older parts of the study
area. Coliform bacteria were detected in about 30 percent of domestic wells sampled at
Sites 1 and 3, but concentrations were typically less than 10 MPN/100-ml.

The upper part of the aquifer at Site 3 isimpacted by ISTSs as evidenced by
elevated concentrations of coliform bacteria, ammonia, and Kjeldahl nitrogen compared
to the other sites. The presence of these chemicals at higher concentrations suggests that
noncompliant systems are present. Site 3 was the oldest development, with a median age
of 20 yearsfor wellsdrilled in the area.

Our results for nitrate are similar to those observed in other research throughout
the country. Thereislittle information in the literature on the distribution of other
chemicals and pathogens in ground water under unsewered developments. While ISTSs

impact shallow ground water, two management strategies can minimize these impacts.
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First, regular maintenance and inspection of septic systems ensures they are functioning
properly, thus minimizing the likelihood of contamination with pathogens. Second,
communities must find the proper balance between lot size and well location to minimize
impacts from nitrates. Some aquifers, such asthe one at Site 3, are more vulnerable to
contamination and may require larger lot sizes and more stringent controls on
maintenance of ISTSs.

While nitrate and pathogens appear to be the primary concerns for drinking water,
we cannot ignore impacts of phosphorus from noncompliant systems that occur in close
proximity to surface waters. Estimating impacts from phosphorus requires studies of
individual plumes. Currently, we are trying to find appropriate locations for conducting

these plume studies.
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