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Sea level: In this report "sea level" refers to the National Geodetic Vertical Datum of 1929—geodetic
datum derived from a general adjustment of the first-order level nets of both the United States and
Canada, formerly called "Sea Level Datum of 1929."

















































































Vertical Differences

Throughout most of the Anoka Sand Plain aquifer, horizontal movement of water is much
more significant than vertical movement. On the basis of ground-water modeling of an adjacent
sand-plain area (Anderson and Stoner, 1989), water recharging a sand-plain aquifer under typical
hydraulic conditions in relatively flat terrain can be expected to move several hundred feet laterally
and only a few feet downward. Therefore, differences in water quality with depth are related to
differing conditions in the recharge areas. Ground-water quality data for 91 wells screened at
different depths in the Anoka Sand Plain aquifer are presented in table 4. Data from eight wells
screened in the underlying confined-drift aquifer also are presented to provide a comparison of
water quality between unconfined- and confined-drift aquifers in the area. The deepest parts of the
aquifer, more than 20 ft below the water table, are generally anoxic and have low redox potential.
Water samples from this reducing environment generally will have no nitrite plus nitrate nitrogen
and have elevated concentrations of iron.

Table 4.--Water quality at various depths below the water table in the Anoka Sand Plain aquifer and
in the underlying confined-drift aquifer
[Total depth of well and depth to water in feet below land surface (negative values are above land
surface); confined, confined-drift aquifer; values are concentrations in milligrams per liter, except as
noted; --, not determined; <, less than; >, greater than]

Depth below
water table Number of
Constituent or property (feet) samples Median Minimum Maximum
Depth to water (in feet) <10 170 10.35 -0.33 40.00
10-20 129 9.90 -22 22.10
>20 20 5.95 2.88 20.00
Confined 1 34.00
Total depth of well (in feet) <10 171 15 6.3 50
10-20 140 28 15 41
>20 32 60 30 111
Confined 16 152 80 250
Specific conductance <10 171 420 65 1140
(microsiemens per 10-20 140 510 140 1170
CCZ';;':S‘;‘" at 25 degrees >20 32 467 305 870
Confined 16 350 225 620
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Table 4.--Water quality at various depths below the water table in the Anoka Sand Plain aquifer and
in the underlying confined-drift aquifer--Continued

Depth below
water table Number of
Constituent or property (feet) samples Median Minimum Maximum
pH (standard units) <10 170 73 5.6 85
10-20 138 76 6.2 9.0
>20 30 7.5 6.7 79
Confined 16 4.5 72 89
Tempe;ature, water <10 171 9.0 4.0 18.0
(degrees Celsius) 10-20 139 9.5 70 14.0
>20 32 9.5 7.5 11.0
Confined 16 9.5 8.5 110
Hardness as CaCO4 <10 44 200 16 340
10-20 38 230 64 400
>20 11 240 150 320
Confined 8 170 48 300
Calcium, dissolved <10 44 55 38 100
10-20 38 62 16 120
>20 11 63 44 88
Confined 8 44 14 82
Magnesium, dissolved <10 44 14 1.5 32
10-20 38 18 35 31
>20 11 23 10 27
Confined 8 15 3.1 22
Sodium, dissolved <10 44 34 1.6 53
10-20 38 39 1.6 38
>20 11 40 1.5 33
Confined 8 54 29 35
Potassium, dissolved <10 44 8 1 2
10-20 38 | 4 2
>20 11 2 3 3
Confined 8 1 g 2



Table 4.--Water quality at various depths below the water table in the Anoka Sand Plain aquifer and
in the underlying confined-drift aquifer--Continued

Depth below
water table Number of
Constituent or property (feet) samples Median Minimum Maximum
Bicarbonate, IT field, <10 159 170 10 410
as HCO? 10-20 129 210 15 510
>20 28 260 130 330
Confined 16 200 25 280
Sulfate, dissolved <10 142 14 2 80
10-20 116 19 2 98
>20 27 20 1 72
Confined 15 3.7 2 57
Chloride, dissolved <10 143 13 1 180
10-20 117 17 7 180
>20 27 54 9 93
Confined 15 13 8 30
Fluoride, dissolved <10 45 1 <.1 3
10-20 38 N <1 6
>20 11 1 <.l 2
Confined 8 1 <1 7
Silica, dissolved <10 44 19 84 38
10-20 38 18 6.8 30
>20 11 19 15 25
Confined 8 16 11 25
Dissolved solids, calculated, <10 42 225 57 430
sum of constituents 10-20 38 240 91 480
>20 11 280 190 470
Confined 8 200 140 320
Nitrite, dissolved, as N <10 36 <.01 <01 08
10-20 30 <01 <.01 91
>20 9 <.01 <.01 05
Confined 6 <01 <01 01



Table 4.--Water quality at various depths below the water table in the Anoka Sand Plain aquifer and
in the underlying confined-drift aquifer--Continued

Depth below
water table Number of
Constituent or property (feet) samples Median Minimum Maximum
Nitrite plus nitrate, <10 171 5.1 <.10 4
dissolved, as N 10-20 140 2.7 <10 45
>20 32 <.10 <.10 13
Confined 16 <.10 <.10 22
Nitrogen, ammonia, <10 136 04 <.01 20
dissolved, as N 10-20 108 04 <01 80
>20 26 06 <.01 .18
Confined 16 12 <01 49
Nitrogen, dissolved organic, <10 43 69 <.10 25
asN 10-20 37 W <10 32
>20 11 33 .13 2.1
Confined 8 14 a1 2.7
Phosphorus, dissolved <10 47 <.01 <01 22
orthophosphate, as P " 1020 40 <01 <01 14
>20 11 <01 <01 .08
Confined 8 05 <.01 09
Boron, dissolved <10 44 <.02 <.02 75
10-20 38 <.02 <.02 12
>20 11 <02 <02 05
Confined 8 <02 <.02 34
Iron, dissolved <10 43 02 <.01 20
10-20 37 02 <.01 16
>20 11 31 <.01 24
Confined 8 23 <01 28
Manganese, dissolved <10 43 .013 <.001 .86
10-20 37 .04 <.001 22
>20 11 .19 <.001 54
Confined 8 .086 <.001 28
Carbon, organic dissolved, <10 41 14 a 17
asC 10-20 36 14 8 4.1
>20 11 14 1 23
Confined 8 1.2 4 15
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The stratigraphy of the Anoka Sand Plain aquifer contributes to differences in water quality
with depth. The upper part of the aquifer is gray outwash (fig. 4) deposited by the Grantsburg
sublobe of the Des Moines glacial lobe. These sediments, mainly quartz sand, contain calcium-
magnesium carbonate (limestone) and some sulfate evaporites (Anderson and Ruhl, 1984;
Woodward and Anderson, 1986). The lower part of the Anoka Sand Plain aquifer is red outwash
(fig. 4) deposited by the Superior glacial lobe. These sediments are predominantly quartz sand that
include iron minerals in substantial quantities. Red brown sandy till deposited by the Superior lobe
underlies the Anoka Sand Plain aquifer. Locally the red outwash is under confined conditions
where it is overlain by gray silty till.

Specific conductance in the Anoka Sand Plain aquifer is less in water from less than 10 ft below
the water table than in water from 10 ft or more below the water table (fig. 15). The water from 10 ft
or more below the water table generally has moved farther in the gray sand outwash than has the
shallower water. Consequently, it has had more time to dissolve calcareous minerals. The
concentrations of cations such as calcium, magnesium, sodium, and potassium increased with depth
below the water table in the Anoka Sand Plain aquifer (fig. 16). This increase is due to increased
residence time of the water in the aquifer and is related to the increase in concentrations of dissolved
solids and in specific conductance (fig. 15). Water samples from more than 20 ft below the water
table, which show little additional increase in calcium concentration and a reduction in specific
conductance (fig. 16), may indicate the influence of the virtually insoluble quartz in the red sand near
the bottom of the aquifer. The lesser specific conductance in water samples from the underlying
confined-drift aquifer may result from the less soluable quartz sand aquifer material.

Concentrations of anions such as nitrite plus nitrate nitrogen, sulfate, chloride, and bicarbonate
are more variable with depth below the water table than are concentrations of cations in the Anoka
Sand Plain aquifer (fig. 17). Median concentrations of sulfate increase with depth in the Anoka Sand
Plainaquifer. The concentration of chloride increases from the water table to 20 ft below the water table
but then decreases in the lower part of the Anoka Sand Plain aquifer and in the confined aquifer.
Elevated concentrations of chloride in the upper 20 ft of the surficial aquifer probably result from
chloride in some fertilizers and in manure and from the use of chloride as a road de-icer. The water
from more than 20 ftbelow the water table represents sources of recharge more distant than the sources
of shallower ground water, or water that has been in the aquifer for a longer period of time.

The concentrations of nitrite plus nitrate nitrogen generally are greatest near the water table and
decrease with depth below the water table (fig. 17). This decrease indicates a local source of nitrite plus
nitrate nitrogen at land surface, or it could also indicate denitrification at depth in the aquifer.
Denitrification occurs as the decay of organic matter in the aquifer removes oxygen and creates
reducing conditions, which results in the reduction of nitrite plus nitrate nitrogen to nitrous oxide or
nitrogen gas. Nitrite plus nitrate nitrogen in ground water near agricultural areas can be related to the
use of fertilizer and to seepage from feedlots and septic systems. In residential areas, nitrite plus nitrate
nitrogen concentration is related to use of lawn fertilizer and seepage from septic systems. The median
concentration of nitrite plus nitrate nitrogenis 5.1 mg/L near the water table and is below the detection
limit of 0.1 mg/L for depths of more than 20 ft below the water table (fig. 17).

General linear models were used to evaluate the statistical significance of the ranked analysis
of variance for vertical differences in water quality in the Anoka Sand Plain aquifer. The differences
in concentration of nitrite plus nitrate nitrogen among the three depth categories were statistically
significant at the 99-percent level of probability. By use of Duncan's Multiple Range Test, nitrite plus
nitrate nitrogen concentrations among the three depth categories were found to be significantly
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CONCENTRATION, IN MILLIGRAMS PER LITER
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different from each other. Results of Tukey's Studentized Range Test indicated a significant
difference between nitrite plus nitrate nitrogen concentrations in water sampled from less than 20 ft
and water sampled from 20 ft or more below the water table.

Water quality was evaluated at 29 well clusters for nitrite plus nitrate nitrogen concentrations.
Large vertical differences in nitrite plus nitrate nitrogen concentrations were found at 23 of the 29
well clusters. At 15 of these 23 well clusters, nitrite plus nitrate nitrogen concentrations were greater
near the water table than deeper in the aquifer (table 5). At the other eight well clusters, nitrite plus
nitrate nitrogen concentrations were less near the water table than deeper in the aquifer. The most
common situation throughout most of the sand-plain aquifers in Minnesota is represented by the 15
well clusters at which nitrite plus nitrate nitrogen concentrations were greater near the water table
than at depth.

Table 5.--Differences in concentrations of nitrite plus nitrate nitrogen at
different depths in the Anoka Sand Plain aquifer
[mg/L, milligrams per liter; <, less than; >, greater than or equal to]

Well depth
below water Median nitrate
table Number of Number of nitrogen
(feet) well clusters samples (mg/L)
Well clusters with greater nitrite plus nitrate- <10 15 66 4.7
nitrogen concentrations near the water table >10 15 66 1.0
Well clusters with lesser nitrite plus nitrate- <10 8 36 1.8
nitrogen concentrations near the water table =10 8 36 4.8
Well clusters with little vertical differen <10 6 23 12
sters wi ence > 10 6 23 12

In most areas of the Anoka Sand Plain aquifer, concentrations of nitrite plus nitrate nitrogen are
greatest at shallow depth and decrease with depth. Edmunds (1973) attributes this trend in nitrite
plus nitrate nitrogen concentrations to the biochemical process of denitrification. J.A. Cherry
(University of Waterloo, Waterloo, Ontario, Canada, oral commun., 1986) has documented
denitrification in surficial sand-plain aquifers. This process requires denitrifying bacteria, organic
material, other nutrients necessary for growth of bacteria, and a moderate to low redox potential of
the ground water. In their discussion of redox processes, Freeze and Cherry (1979, p. 114-118) list
reactions in which nitrite plus nitrate nitrogen is converted to the gases nitrogen or nitrous oxide or
to the ions nitrite or ammonium. The denitrification process also forms bicarbonate, hydrogen ions,
and water. Where the environmental conditions are favorable, this process accounts for some of the
vertical differences in nitrite plus nitrate nitrogen concentrations in the Anoka Sand Plain aquifer.

The eight well clusters at which nitrite plus nitrate nitrogen concentrations were low near the
water table than at depth (table 5) represent exceptions to the common condition. Of these eight well
clusters, five are near ephemeral ponds or highway-drainage ditches that collect water during heavy
precipitation. This pond precipitation generally is low in concentrations of nitrite plus nitrate
nitrogen and dissolved solids. Samples collected from two such ponds in an adjoining county had
nitrite plus nitrate nitrogen concentrations less than 1 mg/L (Anderson, 1989). Water in the ponds
drains rapidly downward through the permeable sandy soils. The dilute, focused recharge from the
ponds can displace water with elevated nitrite plus nitrate nitrogen concentrations from near the
water table to deeper in the aquifer. This results in reduced nitrite plus nitrate nitrogen
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concentrations near the water table and increased concentrations at depth. Another example of
conditions resulting in greater nitrite plus nitrate nitrogen concentrations at depth than near the
water table is at an undeveloped site near the Mississippi River Hydraulic-head measurements at
wells in this area indicate ground water flows upward toward the water table where it mixes with
dilute recharge from the surface and discharges to the river. This example of greater nitrite plus
nitrate nitrogen at depth than near the water table could be typical in areas of ground-water
discharge.

In the Anoka Sand Plain aquifer, six of the well clusters (table 5) showed little vertical
difference in concentration of nitrite plus nitrate nitrogen with depth. Two of these clusters had
nitrite plus nitrate nitrogen concentrations less than 1 mg/L, indicating no influence from human
activities. The other four clusters had nitrite plus nitrate nitrogen concentrations that ranged from
2.7 to 24 mg/L. These four clusters were all in areas of heavy pumping from the aquifer either for
irrigation or residential supplies. This pumping caused more mixing of water in the aquifer in these
areas than elsewhere. In the one residential area where little vertical difference in nitrite plus nitrate
nitrogen was measured, a relatively steep water-table gradient (1 ft per 100 ft locally) also could
contribute to mixing of the water in the aquifer.

Somewhat greater concentrations of iron and manganese are present in ground water from
more than 20 ft below the water table than in shallower ground water (fig. 18). This reflects the high
iron and manganese content of the red outwash of Superior lobe origin. The greater iron and
manganese concentrations also reflect reducing conditions in the lower part of the Anoka Sand Plain
aquifer.

Lan Related to Tempor han in Water i

Seasonal Changes

Data on water levels and quality of water from wells screened in the Anoka Sand Plain aquifer
are compiled by season in table 6. In a nearby sand-plain area, concentrations of chloride and nitrite
plus nitrate nitrogen fluctuate in a pattern similar to that of water-level fluctuations (Myette, 1984).
Myette reported greatest nitrite plus nitrate nitrogen concentrations after spring recharge, lowest
concentrations in summer, increased concentrations in fall and decreased concentrations again in
winter. Maximum water levels usually occur in the spring after snowmelt and spring rains recharge
the surficial aquifer. Minimum water levels usually occur in the summer when evapotranspiration
limits recharge and increased pumping stresses the system. Water levels begin to increase in the fall
after frost stops most plant growth and reduces evapotranspiration. Water levels generally decline
during winter when frozen ground prevents ground-water recharge. Water levels in well
032N23W04AADO2 (fig. 19) show these trends.

Fluctuations in nitrite plus nitrate nitrogen concentrations are due to the interrelation of many
factors affecting the presence of nitrite plus nitrate nitrogen in ground water. These factors include
(1) the rate of flow of recharge through the unsaturated zone, (2) the volume of recharge, (3) the
timing of fertilizer applications either before, during, or after periods of recharge, and (4)
denitrification. Changes in nitrite plus nitrate nitrogen concentrations over time are compared at
four well-cluster sites in figures 20 through 23.
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Table 6.--Fluctuations in water quality in the Anoka Sand Plain aquifer
[Depth to water below land surface is in feet (negative values are above land surface). Values are
concentrations in milligrams per liter, except as noted. Season designations: Spring 1984, May-June;
Winter 1985, December 1984-February 1985; Spring, 1985, June; Spring 1986, June;
Spring 1987, May; --, not determined; <, less than]

: Number of
Constituent or property Season samples Median Minimum Maximum
Depth to water (in feet) Spring 1984 31 8.70 1.70 18.00
Winter 1985 30 10.25 1.70 18.50
Spring 1985 31 10.30 1.10 18.30
Spring 1986 31 10.40 -33 1743
Spring 1987 13 9.25 226 15.04
Specific Conductance Spring 1984 31 435 175 1015
(microsiemens per Winter 1985 31 510 116 880
E"e';;‘i'::)‘e’ at 25 degrees Spring 1985 31 460 155 850
Spring 1986 31 435 65 960
Spring 1987 13 350 140 1170
pH (standard units) Spring 1984 33 7.6 59 8.6
Winter 1985 33 12 56 9.0
Spring 1985 33 1.5 6.2 8.4
Spring 1986 33 16 6.0 8.5
Spring 1987 13 » 7.8 6.2 8.5
Temperature, water Spring 1984 31 9.0 15 - 10.5
(degrees Celsius) Winter 1985 31 9.5 6.0 11.0
Spring 1985 31 9.0 8.0 14.5
Spring 1986 31 9.0 15 12.0
Spring 1987 13 8.5 7.0 10.0
Bicarbonate, IT, field, as Spring 1984 31 200 13 342
HCOs Winter 1985 31 189 11 376
Spring 1985 31 183 10 366
Spring 1986 31 183 17 366
Spring 1987 13 129 32 293
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Table 6.--Fluctuations in water quality in the Anoka Sand Plain aquifer--Continued

Number of
Constituent or property Season samples Median Minimum Maximum
Sulfate, dissolved Spring 1984 31 19 42 66
Winter 1985 30 18 4.1 66
Spring 1985 31 16 5.1 64
Spring 1986 31 18 36 98
Spring 1987 13 17 3.8 27
Chloride, dissolved Spring 1984 31 17 1.0 130
Winter 1985 31 19 N 100
Spring 1985 31 24 8 93
Spring 1986 31 19 N 140
Spring 1987 13 11 N 180
Nitrate, dissolved, as N Spring 1984 31 4.8 <1 29
Winter 1985 31 4.7 <1 41
Spring 1985 31 5.1 2 38
Spring 1986 31 55 <1 45
Spring 1987 13 5.5 <8 35

Water levels and nitrite plus nitrate nitrogen concentrations in a shallow well
033N22W09ADBO01 at an undeveloped site downgradient from a wooded area and nitrite plus
nitrate nitrogen concentrations in deep well 033N22W09ADBO2 at this site in Anoka County are
shown in figure 20. Water-level fluctuations in the shallow well are similar to other shallow wells at
other sites. Concentration of nitrite plus nitrate nitrogen in water samples from the wells at this
undeveloped site reached a maximum of only 1.6 mg/L. Water in the deeper well is anoxic most of
the time, and the water samples collected generally did not contain nitrite plus nitrate nitrogen.

The fluctuations of the water levels and concentrations of nitrite plus nitrate nitrogen in
shallow and deep wells at a nonirrigated-cultivated site (fig. 21) are similar to fluctuations in the
wells shown in figure 20. Although the water levels declined only 0.1 ft from May to June 1984, the
nitrite plus nitrate nitrogen concentrations in the shallow well decreased from 20 mg/L to 2.7 mg/L.
Infiltration of heavy precipitation containing low nitrite plus nitrate nitrogen from the fall of 1983
through the spring of 1984 and the growth of crops during the previous growing season probably
resulted in depletion of solublenitrite plus nitrite plus nitrate nitrogen in the soil and reduced the
nitrite plus nitrate nitrogen available for recharge to the aquifer. The nitrite plus nitrate nitrogen
concentrations in samples from the deep well at the nonirrigated-cultivated site (fig. 21) are similar
to those from the shallow well at the undeveloped site (fig. 20). This similarity could indicate that
the recharge area for water reaching the deep well is in undeveloped land or that any nitrite plus
nitrate nitrogen previously present had been removed by denitrification.
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Water-level and nitrite plus nitrate nitrogen fluctuations at an irrigated site are shown in figure
22. Concentrations of nitrite plus nitrate nitrogen in water samples from the shallow well increased
from 15 to 22 mg/L during irrigation from June through August 1984. Above-normal precipitation
slowly leached nitrite plus nitrate nitrogen from the soil to the aquifer throughout the winter and
maintained the concentration of nitrite plus nitrate nitrogen at 22 mg/L. Infiltration of spring
snowmelt and spring rains containing little nitrite plus nitrate nitrogen either diluted the ground
water or displaced the high nitrite plus nitrate nitrogen water to below the shallow well screen.
Nitrite plus nitrate nitrogen concentrations in the deep well, which were less than in the shallow
well, decreased from 3.9 mg/L in June 1984 to 0.50 mg/L in July 1986. Nitrite plus nitrate nitrogen
concentrations generally decreased in both wells from 1984 through 1986, probably from dilution
and denitrification.

Fluctuations of water levels and nitrite plus nitrate nitrogen concentrations in a shallow and a
deep well at a residential site are shown in figure 23. Water from the shallow well at this site had
fairly constant lesser nitrite plus nitrate nitrogen concentrations during the study. Nitrite plus
nitrate nitrogen concentrations in samples from the deep well rose from 0.60 mg/L in September
1983 to 8.6 mg/L by June 1985. At least 50 homes on quarter-acre lots with septic systems are
immediately upgradient from this well site. In addition, the slope of the valley continues downward
beyond the well site. The steep hydraulic gradient results in possible mixing of the ground water
and brings elevated concentrations of nitrite plus nitrate nitrogen to greater depth than if the area
had a flatter hydraulic gradient. Another influence on nitrite plus nitrate nitrogen concentrations is
a roadside drainage ditch, which flows within 40 feet of the well cluster and could provide a source
of recharge with diluted concentrations of nitrite plus nitrate nitrogen; the dilute recharge could
displace elevated concentrations of nitrite plus nitrate nitrogen to greater depth below the water
table.

From the fall of 1986 through the spring of 1987 precipitation was insufficient to cause recharge
to the aquifer in most of the Anoka Sand Plain. Forty lysimeters on the Rosholt Research Farm,
located in a sand plain about forty-five miles west of the Anoka Sand Plain, indicated that no
measurable recharge reached a depth of 4 ft in the unsaturated zone from the fall of 1986 through
1987. This drought is reflected in figure 23 by a decline in water levels and nitrite plus nitrate
nitrogen concentrations in both wells.

Long-term Changes

Five wells in the Anoka Sand Plain aquifer that had been sampled for nitrite plus nitrate
nitrogen in 1965 through 1978 were resampled to determine long-term changes in water quality.
Water from these wells showed little change in nitrite plus nitrate nitrogen concentrations, unlike
water from wells in other parts of the State (Anderson, 1989). Concentrations of nitrite plus nitrate
nitrogen shown in figure 23 for the deep well fluctuated from 0.6 mg/L in September 1983 to 8.6
mg/L in June 1985 and to 3.4 mg/L in May 1987. Although a general decline was observed from
1985 through 1987, the concentration of nitrite plus nitrate nitrogen in 1987 was still above that in
1983. This could indicate a long-term increase in nitrite plus nitrate nitrogen; however, short-term
fluctuations are greater than the possible long-term increase.
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Figure 20.--Water levels and concentrations of nitrite plus nitrate nitrogen
(NO, + NO,;, as N) In ground water at a well cluster at an undeveloped
site in the Anoka Sand Plain aquifer.
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Figure 21.--Water levels and concentrations of nitrite plus nitrate nitrogen
(NO, + NO,, as N) in ground water at a well cluster at a nonirrigated-
cuitivated site in the Anoka Sand Piain aquifer.
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Figure 22.~-Water levels and concentrations of nitrite plus nitrate nitrogen
(N0, + NO,, as N) In ground water at a well cluster at an irrigated
site in the Anoka Sand Plain aquifer.
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Figure 23.—-Water levels and concentrations of nitrite plus nitrate nitrogen
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Sand Plaln aquifer.
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Data from 11 wells at undeveloped sites, 25 wells at nonirrigated-cultivated sites, 35 wells at
irrigated sites, and 29 wells at residential sites were statistically analyzed to compare the water-
quality effects of agricultural and residential land uses by type of use. Well locations were selected to
represent the maximum influence of a particular land use and to minimize the influence of other
land uses. The quality of water from wells at undeveloped sites provides a basis of comparison with
water quality in areas affected by human activities (table 7).

Well sites selected to represent cultivated land, either with or without irrigation, were chosen
to avoid the influence of septic systems, and feedlots. The most apparent source of nitrates at these
sites is fertilizer applied to fields upgradient from the well site. Commonly used fertilizers (Shearer
and others, 1974, p. 313) include: anhydrous ammonia (NH3), ammonium hydroxide (NH,OH),
ammonium phosphate ((NH,),HPO,), ammonium sulfate ((NH,),SO,), ammonium nitrate
(NH4NO,), sodium nitrate (NaNOy), potassium nitrate (KNO,), urea (an organic compound),
potassium chloride (KCl), and animal manure, which contains nitrogen, chloride, sulfates, and many
other constituents.

Table 7.--Water quality in the Anoka Sand Plain aquifer by type of land use
[Total depth of well and depth to water in feet below land surface (negative values are above land
surface). --, not determined. Values are in milligrams per liter, except as note.
Nonirrigated land use refers to nonirrigated-cultivated land]

Number of
Constituent or property Land use samples Median Minimum Maximum
Depth to water (in feet) Undeveloped 39 9.80 1.50 17.60
Nonirrigated 92 8.50 220 40.00
Irrigated 120 12.80 .10 24.00
Residential 70 10.25 -33 34.00
Total depth of well (in feet) Undeveloped 44 20.0 7.0 870
Nonirrigated 97 20.0 9.0 2320
Irrigated 129 24.0 6.3 111.0
Residential 89 220 70 250.0
Specific conductance Undeveloped 44 330 115 500
(microsiemens per Nonirrigated 97 300 65 1020
centimeter at 25 degrees  pionied 129 580 ) 950
Celsius)
Residential 89 560 65 1170
pH (standard units) Undeveloped 42 75 59 8.2
Nonirrigated 96 74 5.6 9.0
Irrigated 129 7.5 6.2 8.8
Residential 87 7.5 6.3 84
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Table 7.--Water quality in the Anoka Sand Plain aquifer by type of land use--Continued

Number of
Constituent or property Land use samples Median Minimum Maximum
Temperature, water (degrees  Undeveloped 44 9.0 6.0 140
Celsius) Nonirrigated 97 9.0 7.0 140
Irrigated 129 9.5 40 18.0
Residential 88 9.5 6.0 15.5
Hardness, as CaCO4 Undeveloped 11 150 34 240
Nonirrigated 26 120 16 300
Irrigated 36 280 35 380
Residential 28 280 120 400
Calcium, dissolved Undeveloped 11 46 10 68
Nonirrigated 26 34 3.8 83
Irrigated 36 76 10 100
Residential 28 72 32 120
Magnesium, dissolved Undeveloped 11 9.6 23 23
Nonirrigated 26 8.5 1.5 22
Irrigated 36 23 2.5 32
Residential 28 21 7.6 29
Sodium, dissolved Undeveloped 11 35 1.9 11
Nonirrigated 26 3.7 1.6 53
Irrigated 36 32 L5 38
Residential 28 13 2.1 33
Potassium, dissolved Undeveloped 11 N 1 1.7
Nonirrigated 26 9 3 23
Irrigated 36 1.0 3 2.7
Residential 28 13 N 24
Bicarbonate IT, field as HCO; Undeveloped 40 160 27 310
Nonirrigated 88 120 10 360
Trrigated 117 260 34 510
Residential 87 270 61 380
Sulfate, dissolved Undeveloped 37 11 1.0 47
Nonirrigated 82 12 20 94
Irrigated 100 22 2 98
. Residential 81 20 26 57
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Table 7.--Water quality in the Anoka Sand Plain aquifer by type of land use--Continued

Number of
Constituent or property Land use samples Median Minimum Maximum
"Chloride, dissolved Undeveloped 37 35 0.7 30
Nonirrigated 82 53 5 100
Irrigated 102 19 0 92
Residential 81 26 q 180
Fluoride, dissolved Undeveloped 11 1 <.l 2
Nonirrigated 27 1 <.1 4
Irrigated 36 1 <.1 6
Residential 28 N <.1 v
Silica, dissolved Undeveloped 11 23 17 38
Nonirrigated 26 19 11 26
Trrigated 36 18 84 30
Residential 28 18 6.8 27
Dissolved solids, calculated, Undeveloped 10 190 96 270
sum of constituents Nonirrigated 26 150 70 410
Irrigated 35 290 57 440
Residential 28 320 170 480
Nitrite, dissolved, as N Undeveloped 11 .01 <01 07
Nonirrigated 14 01 <01 08
Irrigated 28 01 <01 91
Residential 28 .01 <.01 05
Nitrite plus nitrate, dissolved, Undeveloped 44 22 <.1 9.5
asN Nonirrigated 97 20 <1 45
Irrigated 129 53 <.1 44
Residential 89 42 <.1 35
Nitrogen, ammonia, dissolved, Undeveloped 37 .07 <01 39
asN Nonirrigated 74 04 <01 1.5
Irrigated 95 04 <.01 20
Residential 80 04 <.01 49
Nitrogen, dissolved organic, = Undeveloped 11 1.1 <.1 2.1
asN Nonirrigated 25 1.1 <1 2.5
Irrigated 35 5 <.1 24
Residential 28 8 <.1 32
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Table 7.--Water quality in the Anoka Sand Plain aquifer by type of land use--Continued

Number of
Constituent or property Land use samples Median Minimum Maximum
Phosphorus, dissolved, Undeveloped 11 0.01 <0.01 0.08
orthophosphate as P Nonirrigated 27 .01 <.01 16
Irrigated 40 01 <.01 .14
Residential 28 01 <.01 22
Boron, dissolved Undeveloped 11 02 02 .06
Nonirrigated 26 02 .02 75
Irrigated 36 02 02 .18
Iron, dissolved Undeveloped 11 .16 <.01 16
Nonirrigated 25 .05 <.00 20
Irrigated 35 .02 <.01 7
Residential 28 .01 <.00 10.5
Manganese, dissolved Undeveloped 11 .097 <001 22
Nonirrigated 25 044 <.001 1.3
Irrigated 35 020 <.001 .60
Residential 28 007 <.001 .86
Carbon, organic, dissolved, Undeveloped 9 1.8 1.0 24
asC Nonirrigated 24 1.4 7 39
Irrigated 35 14 8 17
Residential 28 1.2 4 47

The most widely used pesticides in the study area are the triazine group and related herbicides.
The five herbicides used in the greatest quantities are alachlor, atrazine, cyprazine, metribuzin, and
trifluralin (Minnesota Agricultural Statistics Service, 1982). The carbamate insecticide aldicarb, used
in Minnesota sand plains mainly on potatoes, also is of concern because it is not readily degraded in
ground water and has been detected in ground water in several states including Wisconsin, New
York, and Florida. Other insecticides and fungicides, as well as other herbicides, are used locally.
Ground-water samples were analyzed for only those pesticides most likely to be present. Samples
were analyzed for the triazine herbicide group by a test that identifies alachlor, ametryn, atratone,
atrazine, cyanazine, cyprazine, metribuzin, prometone, prometryne, propazine, simazine, simeton,
simetryne, and trifluralin. Separate analyses also were done for aldicarb.

The Minnesota Department of Health set a limit of 3 pg/L. This concentration is the same as
the maximum contaminant level of 3 pg /L for concentrations of atrazine in drinking water proposed
by United States Environmental Protection Agency. Atrazine is the pesticide most commonly found
in ground water in agricultural areas of Minnesota (Anderson, 1989).
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The concentrations of herbicides detected in this study (less than 0.1 to 1.7 pg/L) are less than
the recommended limit for drinking water (Minnesota Department of Agriculture, 1988). Although
alachlor was the most heavily used herbicide from 1976 through 1981 (Minnesota Department of
Agriculture, written commun., 1977; Minnesota Agricultural Statistics Service, 1982), it was detected
in only 3 of the 18 samples analyzed for this study. All 18 samples analyzed for pesticides were
collected at cultivated sites, 5 at nonirrigated-cultivated sites and 13 at irrigated sites. None of the
samples analyzed for pesticides were collected at undeveloped or residential sites. The herbicides
detected are listed in table 8.

Table 8.--Herbicides detected in the Anoka Sand Plain aquifer
[--, levels not established]

U.S. Environmental Protection Agency
Primary Drinking-Water Regulation!

Number detected Greatest concentration MCLG? MCL>
Herbicide from 18 wells  (micrograms per liter) (micrograms per liter) (micrograms per liter)
Atrazine 8 1.7 3 3
Cyanazine 6 2 -- --
Alachlor 3 2 0 2
Simazine 2 4 1 1
Metribuzin 2 2 - --
Cyprazine 1 1 - --

1U.S. Environmental Protection Agency, 1986.
2 MCLG = Maximum Contaminant Level Goal:
A non-enforceable concentration of a drinking water contaminant that is protective of adverse human
health effects and allows an adequate margin of safety (U.S. Environmental Protection Agency, 1986).
3MCL= Maximum Contaminant Level:
Maximum permissible level of a contaminant in water which is delivered to any user of a public water
system (U.S. Environmental Protection Agency, 1986).

Undeveloped Sites

Ground water at undeveloped sites generally had low specific conductance (table 7). The
median specific conductance in ground-water samples collected at undeveloped sites is 330 uS/cm
(microsiemens per centimeter at 25 degrees Celsius) (table 7).

The median concentrations of sulfate, chloride, and nitrite plus nitrate nitrogen among
undeveloped sites are 11, 3.5, and 0.22 mg /L, respectively (table 7). The median concentration of 0.22
mg/L nitrite plus nitrate nitrogen in the water samples from undeveloped sites indicates a minimal
effect from human activities; however, water from 4 of the 11 wells at undeveloped sites had nitrite
plus nitrate-nitrogen concentrations greater than 3.0 mg/L, indicating human influence even at these
apparently natural sites. The elevated nitrite plus nitrate-nitrogen concentrations could result from:
(1) land uses upgradient from the undeveloped sites, (2) windblown spray from chemigation in
upwind areas, or (3) abandoned farms or former cattle yards (although none are apparent at these
sites).
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Nonirrigated-Cultivated Sites

The median specific conductance of water samples from nonirrigated- cultivated sites, 300
uS/cm (table 7), is about the same as the median specific conductance for water from undeveloped
sites. Median sulfate and chloride concentrations at nonirrigated-cultivated sites are 12 and 5.3
mg/L, respectively. The median concentration of nitrite plus nitrate nitrogen at nonirrigated-
cultivated sites, 2.0 mg/L, indicates possible effects of human activities (Madison and Brunett, 1985).
Furthermore, 37 percent of 97 samples had concentrations of nitrite plus nitrate nitrogen greater than
3.0 mg/L, and the maximum concentration among the nonirrigated-cultivated sites was 45 mg/L.

Triazine herbicides were present in three of the five samples collected during August 1984 from
cultivated-nonirrigated sites (table 9). The sample containing the greatest concentration of pesticide
detected during this investigation, 1.7 ug/L of atrazine, came from a nonirrigated-cultivated site.

Table 9.--Concentrations of herbicides in 11 of the 18 water samples collected
during August 1984 at cultivated sites

Date sample
Type of site collected Herbicide and concentration in micrograms per liter
Nonirrigated 08/01/1984  Alachlor, 0.2; atrazine, 0.1; cyanazine, 0.1

08/29/1984  Cyanazine, 0.1
08/30/1984  Awazine, 1.7

Irrigated 08/01/1984  Atrazine, 0.1; cyanazine, <0.1; metribuzin, 0.2
08/01/1984  Alachlor, 0.1; cyanazine, <0.1; simazine, 0.2
08/01/1984  Atrazine, 0.1, cyanazine, <0.1; metribuzin, <0.1
08/01/1984  Atrazine, 0.4
08/01/1984  Alachlor, 0.1; cyanazine, 0.1; cyprazine, 0.1, simazine, 0.4
08/29/1984  Arrazine, 0.1
08/28/1984  Atrazine, 0.5
08/28/1984  Atrazine, 0.3

irrigated Sites

Ground-water samples from irrigated sites had a median specific conductance of 580 uS/cm
(table 7). The median concentrations of sulfate, chloride, and nitrite plus nitrate nitrogen were 22, 19,
and 5.3 mg/L, respectively. These medians all represent significantly greater specific conductances
and concentrations than those in water samples from undeveloped sites at the 99-percent confidence
level, as determined by analysis of variance and general linear models. Sixty-four percent of 129
samples from irrigated sites had nitrite plus nitrate-nitrogen concentrations greater than 3 mg/L.
Triazine herbicides were detected in 8 of the 13 water samples collected from irrigated sites during
August 1984. The concentrations detected are reported in table 9.
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Residential Sites

Ground-water samples collected at residential sites had a median specific conductance of 560
uS/cm (table 7). The median concentrations of sulfate, chloride, and nitrite plus nitrate nitrogen at
residential sites were 20, 26, and 4.2 mg/L, respectively. Although these concentrations are all
significantly greater than those found at undeveloped or even cultivated-nonirrigated sites, the only
chemical constituent that generally exceeds Minnesota drinking-water standards is nitrite plus
nitrate nitrogen. The median sodium and chloride concentrations at residential sites (table 7) are
several times greater than those for the other land-use categories. Sodium chloride is the main
source of chloride in septic-system effluent and in road salt, both of which affect ground-water
quality beneath residential land.

The concentration of nitrite plus nitrate nitrogen in ground-water samples from residential
sites exceeded 3.0 mg/L in 56 of 89 samples (63 percent). The possible sources of this nitrite plus
nitrate nitrogen are septic systems and lawn fertilizer. Much of the nitrite plus nitrate nitrogen in
septic systems is converted by denitrification to nitrous oxide or nitrogen gas and is discharged to
the atmosphere. Some nitrogen leaves the septic systems as ammonium ion and is later nitrified or
oxidized to nitrite plus nitrate nitrogen in the ground water; thus, some nitrite plus nitrate nitrogen
enters the aquifer from septic systems.

The fluctuations of nitrite plus nitrate-nitrogen concentrations at shallow well
032N25W21DACO01 (figure 24) indicate that nitrates come from a source that may not be constant
over time. This well is screened from 5 to 7 ft below land surface, and the water table generally is
about 2 ft below land surface. The most likely source of nitrite plus nitrate nitrogen is lawn fertilizer,
in which the supply of nitrogen fluctuates with times when fertilizer is available for dissolution by
precipitation.

The nitrite plus nitrate-nitrogen concentrations in water samples from the deep well shown in
figure 24, 032N25W21DACO02, reflect a relatively constant source of nitrite plus nitrate nitrogen and
probably represent combined effects of many septic systems and fertilized lawns, effects that are not
discernible deeper in the aquifer at this site. The sample from the deep well represents water that
probably traveled a substantially greater distance than did water from the shallow well.

Differences Among Land-Use Categories

Correlation coefficients were used to compare data from the undeveloped sites and data from
sites where human activities were apparent from land use (agricultural and residential). A
correlation coefficient in ground-water-quality analyses can be used to indicate the probability that
different water samples or groups of samples have the same source or are related to the same
environmental processes. Spearman correlation coefficients for water samples from the Anoka Sand
Plain aquifer indicate that specific conductance does not correlate with concentrations of sulfate,
chloride, and nitrite plus nitrate nitrogen nor do these constituents correlate with each other among
the undeveloped sites. Spearman correlation coefficients at sites where agricultural and residential
activities are evident indicate that sulfate, chloride, and nitrite plus nitrate nitrogen have the same
source at a 95-percent confidence level. A relation between the concentration of these constituents
and human activities is probable. The median concentrations of sulfate, chloride and nitrite plus
nitrate nitrogen among undeveloped sites are 11, 3.5, and 0.22 mg/L respectively (table 7).
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Figure 24.--Water levels and concentrations of nitrite plus nitrate nitrogen
%NO2 + NO;, as N) In ground water at a well cluster at a residential
site In the Anoka Sand Plain aquifer.
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The specific conductance of water samples from undeveloped sites (median, 330 uS/cm) and
nonirrigated-cultivated sites (median, 300 pS/cm) were not significantly different from each other,
nor was specific conductance significantly different between water samples from irrigated sites
(median, 580 uS/cm) and residential sites (median, 560 uS/cm); however, specific conductance of
samples from undeveloped and nonirrigated-cultivated sites were significantly different from
samples from irrigated and residential sites at the 99-percent confidence level.

The differences in water quality among the different land-use categories are illustrated with
box plots in figures 25 through 28. The high specific conductances in ground water from irrigated
and residential sites result primarily from larger amounts of calcium, magnesium, and bicarbonate
in solution. This is caused by an increased amount of water infiltrating to the water table.
Infiltration from irrigation and lawn watering combine with preeipitation to increase the recharge in
irrigated and residential sites. This can increase carbonate dissolution and leaching of fertilizer
components. The concentrations of calcium, magnesium, sodium, and potassium (fig. 26) correlate
closely with specific conductance (fig. 25) and their distribution among land-use categories is similar
to that of specific conductance.

Irrigated sites were expected to show greater concentrations of nitrite plus nitrate nitrogen
than other land-use categories but lesser concentrations of sulfate than residential sites near many
septic systems. The concentrations of sulfate were greater than other land-use categories at irrigated
sites (fig. 27). The reason for greater concentrations of sulfate at irrigated sites may be a result of the
type of fertilizer used. Many of the irrigated sites were dairy farms where manure was used in
addition to inorganic fertilizer. The manure may be the source for elevated concentrations of sulfate
and chloride, as well as excess nitrite plus nitrate nitrogen. Manure was used at fewer nonirrigated
sites than irrigated sites. In addition, lesser concentrations of nitrite plus nitrate nitrogen and sulfate
. at nonirrigated-cultivated sites could result from less water moving downward to transport these
constituents to the water table.

General linear models indicated a significant difference in concentrations of chloride between
each of the four land-use categories (fig. 27). Interpretation of differences in chloride concentrations
is complicated by the number of potential sources. Chloride concentrations are elevated in septic-
system discharge and manure; however, chloride also comes from potash fertilizer (potassium
chloride) at cultivated sites and from road salt at residential sites. The median concentration of
chloride generally increases progressively from undeveloped sites to nonirrigated-cultivated,
irrigated, and residential sites (fig. 27).

Low nitrite plus nitrate-nitrogen concentrations (<0.2 mg/L) at undeveloped sites indicate that
nitrite plus nitrate-nitrogen concentrations are not elevated regionally throughout the entire Anoka
Sand Plain aquifer. Nitrite plus nitrate-nitrogen concentrations at nonirrigated-cultivated sites were
significantly greater than concentrations at undeveloped sites, indicating that crop residue could
contribute measurable quantities of nitrite plus nitrate nitrogen to ground water. The median
concentration of nitrite plus nitrate nitrogen for nonirrigated-cultivated sites is only 2.0 mg/L.
These elevated nitrite plus nitrate-nitrogen concentrations indicate that more nitrogen fertilizer is
being applied to fields than is being used by the crops. Elevated concentrations of nitrite plus nitrate
nitrogen were measured more often from wells on dairy farms where manure is applied to the fields
than from wells on farms where commercial fertilizers are mainly used. Water samples collected
from wells at dairy farms had concentrations of sulfate, chloride, and nitrite plus nitrate nitrogen
that were all substantially above concentrations at undeveloped sites, especially near the water table.
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Figure 25.-Specific conductance of ground water at land-use sites
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The median concentration of nitrite plus nitrate nitrogen at irrigated sites is greater than at
nonirrigated-cultivated sites. Ground water at both nonirrigated-cultivated and irrigated sites can
be high orlow in nitrite plus nitrate-nitrogen concentrations most likely because of differences in the
amount and timing of nitrogen applied to the fields upgradient from the well site. The well depth
and redox potential in the aquifer also are relevant factors.

The relation of iron and manganese concentrations at the different land-use sites is opposite to
the relations of sulfate, chloride, and nitrite plus nitrite plus nitrate nitrogen concentrations (figs. 27
and 28). The lowest concentrations of iron and manganese were found at residential sites, and
progressively greater concentrations were found at irrigated sites and nonirrigated-cultivated. The
greater iron and manganese concentrations in the study area were found at undeveloped sites. This
probably is related to the redox potential of the ground water. A decreased redox potential increases
the ability of the ground water to dissolve additional iron and manganese from the sediments that
make up the aquifer. Many of the wells representing undeveloped sites were near or downgradient
from marshy areas conducive to redox conditions. This proximity to marshes could account for the
predominance of redox conditions in the aquifer at undeveloped sites.

SUMMARY AND CONCLUSIONS

Ranges in concentrations of sulfate, chloride, and nitrite plus nitrate nitrogen were large in
water from the Anoka Sand Plain aquifer, but differences in the concentrations of most other
chemical constituents were small. Elevated concentrations of iron and manganese were detected
most commonly at undeveloped sites and appear to be related to differences in redox potential and
alkalinity of the ground water.

Differences in specific conductance and in concentrations of sulfate, chloride, and nitrite plus
nitrate nitrogen with depth below the water table were measured at 31 well-cluster sites.
Concentrations generally were greater near the water table than 10 ft or more below the water table.
These vertical differences in water quality within the aquifer indicate no vertical mixing of water is
occurring in some areas. In other areas, deep wells had greater nitrite plus nitrate-nitrogen
concentrations than did shallow wells. Vertical differences in concentrations of nitrite plus nitrate
nitrogen generally were smaller than those of other constituents. These smaller differences indicate
vertical mixing of ground water and localized recharge to the aquifer of water low in nitrite plus
nitrate nitrogen from ephemeral ponds and drainage ditches. Water from several of the well clusters
had elevated nitrite plus nitrate-nitrogen concentrations and showed no difference in concentration
of nitrite plus nitrate nitrogen with depth. These well clusters were in areas where periods of
pumping and non-pumping from the aquifer causes drawdown and recovery of the water level and
results in the mixing of ground water. Relatively steep water-table gradients, which contributed to
the mixing of the ground water, also were noted at two of these sites.

Fluctuations in water quality with time are related to the rate and timing of recharge and
fertilizer applications in agricultural and residential land. Recharge from snowmelt and spring rains
in March and April 1984 was large and resulted in several record-high water levels in the study area.
This unusually large amount of recharge flushed soluble nitrates from the soil quickly. The recharge
water diluted the concentrations of nitrite plus nitrate nitrogen in ground water at some wells to the
lowest nitrite plus nitrate-nitrogen concentrations measured during the study. This recharge of
March and April was followed in May and June 1984 by a slug of recharge carrying nitrite plus
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nitrate nitrogen to the water table from recently applied fertilizer; as a result, nitrite plus nitrate-
nitrogen concentrations in the ground water increased.

Sulfate and chloride concentrations fluctuated with time in some individual wells, but median
concentrations of sulfate and chloride did not show substantial fluctuations. Concentrations of
sulfate, chloride, and nitrite plus nitrate nitrogen are correlated with each other at the 95-percent
confidence level beneath areas represented by residential and agricultural land use. This correlation
indicates a relation between concentrations of these constituents and human activities.
Concentrations of sulfate and chloride consistently are below the Minnesota drinking-water
standard of 250 mg/L.

Short-term fluctuations in nitrite plus nitrate-nitrogen concentrations in some wells were as
great or greater than the apparent long-term change. These results indicate that seasonal or short-
term fluctuations in concentrations of nitrite plus nitrate nitrogen could account, in part, for the
apparent long-term increase in nitrite plus nitrate nitrogen. However, median concentrations of
nitrite plus nitrate nitrogen in spring 1984, 1985, 1986, and 1987 indicated a general increase in
concentration during this study.

Nitrite plus nitrate-nitrogen concentrations at irrigated sites were significantly greater than at
nonirrigated-cultivated sites at the 99-percent confidence level. According to these results, irrigated
crop production has a significant effect on the concentration of nitrite plus nitrate nitrogen in ground
water. The median concentration of nitrite plus nitrate nitrogen was 2.0 mg/L at nonirrigated-
cultivated sites and 5.3 mg/L at irrigated sites. Median concentrations of nitrite plus nitrate nitrogen
at residential sites with septic systems was 4.2 mg/L. On the basis of large short-term decreases in
concentrations of nitrite plus nitrate nitrogen in several wells, it appears that nitrite plus nitrate-
nitrogen concentrations can respond rapidly to changes in factors affecting nitrite plus nitrate
nitrogen. The relation of elevated nitrite plus nitrate-nitrogen concentrations in the aquifer to the
amount of irrigation water and precipitation emphasizes the significance of coordinating the timing
of fertilizer application and irrigation.

Triazine herbicides were detected in water from 11 of 18 wells sampled; however,
concentrations of herbicides were well below commonly recognized safe levels for drinking water.
Further investigation of the presence, distribution, and change in concentration of pesticides is
needed to evaluate the seriousness of ground-water contamination by these organic compounds in
the Anoka Sand Plain aquifer.
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