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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED WATER QUALITY UNITS
New format December 21, 1990

Multiply Inch-Pound Unit By To obtain Metric Unit

inch (in.) 25.4 millimeter

foot (ft) 0.3048 meter

mile (mi) 1.609 kilometer

foot per day (ft/d) 0.3048 meter per day

0.0003528 centimeter per second

foot per mile (ft/mi) 0.1894 meters per kilometer

cubic_foot per second 28.32 liter per second
(££3/s)

foot iquared per day 0.09294 meter squared per day
(£t%/d)

gallon (gal) 0.003785 cubic meter

gallon per day 0.003785 cubic meter per day
(gal/d)

gallon per minute 0.06308 liter per second
(gal/min)

million gallons per day 0.04381 cubic meter per second
(Mgal/d)

square mile (miz) 2.590 square kilometer

Chemical concentrations are given in metric units. Chemical concentra-
tions of substances in water are given in milligrams per liter (mg/L) or
micrograms per liter (ug/L). Milligrams per liter is a unit expressing the
concentration of chemical constituents in solution as weight (milligrams) of
solute per unit volume (liter) of water. One thousand micrograms per liter
is equivalent to one milligram per liter. For concentrations less than
7,000 mg/L, the numerical value is the same as for concentrations in parts
per million.

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

The geologic and hydrologic terms pertinent
follows: ‘

to this report are defined as

Aquifer.--a formation, group of formations, or part of a formation that con-
tains sufficient saturated permeable material to yield significant quan-

tities of water to wells or springs.

Base flow.--sustained streamflow, consists mainly of ground-water discharge to

a stream.

Confined aquifer.--an aquifer bounded above by c
containing confined ground water. Synonymo

Confining unit.--a body of material with low ver
graphically adjacent to one or more aquifer
clude," "aquitard," and "aquifuge."

onfining units.
us with buried aquifer.

An aquifer

tical permeability strati-
5.

Replaces the terms "aqui-

|
Dissolved.--Pertains to the constituents in a representative water sample that

pass through a 0.45-um (micrometer) membran
constituents are determined from subsamples

I

filter.
of the filtrate.

The "dissolved"
This con-

venient operational definition is used by Federal agencies that collect

water data.

Drawdown. - -the vertical distance between the sta&ic (nonpumping) hydraulic

head and hydraulic head caused by pumping.
i

Drift.--a general term applied to all material (clay, sand, gravel, and boul-

ders) transported and deposited by glacial

ce or melt water.

Evapotranspiration. --water discharge to the atmosphere by evaporation from

water surfaces and moist soil and by plant
Ground water.--that part of subsurface water tha

Head, hydraulic.--the height, above a standard d
column of water that can be supported by th
point.

Hydraulic conductivity.--capacity of porous mate
pressure. It is the rate of flow of water
of area under a unit hydraulic gradient.

Hydraulic gradient.--the change in hydraulic hea
a given direction. Synonymous with potenti

Isotope.--any of two or more species of atoms of
same atomic number and position in the peri
cal chemical behavior but with differing at
differing physical properties.

viii

transpiration.
t is in the saturated zone.

htum, of the surface of a
e static pressure at a given

rial to transmit water under
passing through a unit section

d per unit distance of flow in
pmetric gradient.

a chemical element with the
odic table and nearly identi-
omic mass or mass number and




GLOSSARY- -Continued

Outwash. - -washed, sorted, and stratified drift deposited by water from melting
ice.

Permeability.--a measure of the relative ease with which a porous medium can
transmit a fluid under a potential gradient.

Pixel.--an element of a grid associated with a single characteristic, for
. example, agricultural land use.

Potentiometric surface.--surface that represents the static head of water in
an aquifer; assuming no appreciable variation of head with depth in the
aquifer, it is defined by the levels to which water will rise in tightly
cased wells from a given point in an aquifer.

Saturated zone.--zone in which all voids are ideally filled with water. The
water table is the upper limit of this zone. Water in the saturated zone
is under pressure equal to or greater than atmospheric.

Specific capacity.--rate of discharge of water from a well divided by the
drawdown of water level within the well.

Specific yield.--the ratio of the volume of water that an aquifer material will
yield by gravity drainage to the volume of the aquifer material.

Storage coefficient.--the volume of water an aquifer releases from or takes
into storage per unit surface area of the aquifer per unit change in head.
In an unconfined aquifer, it is virtually equal to the specific yield.

Surficial aquifer.--the saturated zone between the water table and the first
underlying confining unit; synonymous with unconfined aquifer.

Suspended, recoverable.--Pertains to the constituents in a representative
water sample that are retained on a 0.45-pm membrane filter and that
are brought into solution by digestion (usually by using a dilute acid
solution). Complete dissolution of all the particulate matter is often
not achieved by the digestion treatment, and thus the determination may
represent less than the "total" amount (that is, less than 95 percent)
of the constituent in the sample.

Determinations of "suspended, recoverable" constituents are made either
by analyzing portions of the material collected on the filter or, more
commonly, by calculating the difference between the dissolved and the
total recoverable concentrations of the constituent.

Suspended, total.--Pertains to the constituents in a representative water
sample that are retained on a 0.45-pum membrane filter. This term is
used only when that analytical procedure assures measurement of at
least 95 percent of the constituent determined.

ix



GLOSSARY- -Continued

Determinations of "suspended, total” constituents are made either by
analyzing portions of the material collected on the filter or, more
commonly, by calculating the difference between the dissolved and the
total concentrations of the constituent.

Till.--unsorted, unstratified drift deposited directly by glacial ice.

Total, recoverable.--Pertains to the constituents in solution after a repre-
sentative water-suspended sediment sample is digested (usually by using a
dilute acid solution). Complete dissolution of all particulate matter is
often not achieved by the digestion treatment, and thus the determination
may represent less than the "total" amount (that is, less than 95 per-
cent) of the constituent in the dissolved and suspended phases of the
sample.

Total.--Pertains to the constituents in a representative water-suspended
sediment sample, regardless of the constituent’s physical or chemical
form. This term is used only when the analytical procedure assures
measurement of at least 95 percent of the constituent in both the dis-
solved and the suspended phases of the sample. (Note that the word
"total"” indicates both that the sample consists of a water-suspended
sediment mixture and that the analytical method determines all of the
constituent in the sample).

Transmissivity.--the rate at which water of the prevailing kinematic viscosity
is transmitted through a unit width of an aquifer under a unit hydraulic
gradient. ‘

Unconfined aquifer.--an aquifer that has a water table; the saturated zone
between the water table and the first underlying confining unit; synony-
mous with surficial aquifer.

Water table.--that surface in an unconfined gro+nd-water body at which the
water pressure is atmospheric. Generally, this is the upper potentiomet-
ric surface of the zone of saturation.
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HYDROGEOLOGY AND WATER QUALITY OF GLACIAL-DRIFT AQUIFERS
IN THE BEMIDJI-BAGLEY AREA, BELTRAMI, CLEARWATER, CASS,
AND HUBBARD COUNTIES, MINNESOTA

By J. R. Stark, J. P. Busch, and M. H. Deters

ABSTRACT

Unconfined and the upper confined aquifers in glacial drift are the
primary sources of water in a 1,600 square-mile area including parts of Bel-
trami, Cass, Clearwater, and Hubbard Counties, Minnesota. The unconfined-
drift aquifer consists of coarse sand and gravel in the center of the study
area. The total area underlain by the unconfined-drift aquifer is approxi-
mately 550 square miles. The unconfined aquifer ranges in thickness from
0 to 130 feet, and is greater than 20 feet thick over an area of 280 square
miles. On the basis of scant data, the transmissivity of the unconfined
aquifer ranges from less than 70 feet squared per day in the south and west
to greater than 8,900 feet squared per day in an area west of Bemidji. Well
yields from 10 to 300 gallons per minute are possible in some areas. The
unconfined and upper confined-drift aquifers are separated by a fine-grained
confining unit of till or lake deposits.

The thickness of the upper confined-drift aquifer ranges from O to
60 feet in the Bemidji area. On the basis of specific-capacity and aquifer-
thickness data, and results of model simulations, the transmissivity of the
upper confined-drift aquifer ranges from less than 100 feet squared per day
in the south and west parts of the aquifer to about 12,800 feet squared per
day in the area around Bemidji. Well yields of 10 to 2,100 gallons per minute
are possible in some areas.

The direction of ground-water flow in both unconfined and upper confined-
drift aquifers is toward the Mississippi and Clearwater Rivers. These rivers
are the major discharge points for both aquifers. Ground-water divides, which
separate the ground-water flow systems that discharge to these rivers, are
approximately coincidental with surface-water divides between the rivers.

Water from both aquifers generally is of the calcium bicarbonate type
and is very hard, averaging 309 and 267 milligrams per liter as CaCO5 from
confined and unconfined-drift aquifers, respectively. Water from both aquif-
ers generally is suitable for drinking, crop irrigation, and most other uses.
Concentrations of ammonia, boron, chromium, iron, manganese, and phenols,
however, locally exceed recommended limits for drinking water (Minnesota
Pollution Control Agency, 1988). Longer residence time and leakage through
glacial till is believed to cause higher concentrations of common inorganic
constituents in water from confined-drift aquifers than concentrations in
water from the unconfined-drift aquifer. Elevated concentrations of nutri-
ents, chloride, and phenols in the unconfined-drift aquifer may be related
to land-use practices.



Statistical comparisons of common chemicll constituents in water from
wells completed in the unconfined-drift aquifer in several land-use areas
suggest that concentrations of many constituents and physical properties are
generally greater for wells in areas of commercial and residential land-use
than for wells in areas of agriculture or forest land-use. These constituents
include ammonia plus organic nitrogen, phosph&rus, calcium, sodium, potassium,
chloride, sulfate, silica, dissolved solids, and specific conductances. The
mean values of ammonia nitrogen, magnesium, and fluoride are generally greater
for wells in commercial land-use type areas than for wells in forested and
agricultural land-use type areas. The mean concentration of nitrogen
(N02 + NOg, dissolved) is generally greater for wells in residential land-use
type areas than for wells in forested and agricultural land-use type areas.

The Kruskil-Wallis test, a nonparametric‘statistical technique, indicated
that for 12 of the 21 constituents sampled in common in all land-use type
groups in the unconfined-drift aquifer, a relgtion between the concentration
of these constituents and land use was found to be statistically significant.

INTRODUCTION
|
State and local governmental agencies in Minnesota are concerned about
regional degradation of ground-water quality that might be caused by certain
land uses and land-use practices. Of particular concern are pervasive land-
use practices considered to be non-point sources of pollution. The use of
chemicals in agriculture and in forestry, dense residential development with
septic systems, urbanization, transportation, land waste disposal are practices
and land uses that have potential for contaminating aquifers on a regional
basis over a long period of time.

Recent studies in surficial, sand-plain aquifers in agricultural counties
in Minnesota have indicated that specific conductance, chloride, and nitrate
concentrations have increased significantly in the last decade. Nitrate
levels in many shallow wells currently exceed recommended limits for domestic
and livestock consumption established by the Minnesota Pollution Control
Agency (1988). These studies also indicate that nitrate has gone undetected
in previous studies because wells selected for sampling were screened too
deeply in the aquifer. Also, low concentrations of pesticides have been
detected in shallow ground water.

I
il

Increasing population, intensified agricuhtural and commercial activity,
and localized ground-water contamination from waste-disposal sites within the
550-square-mile Bemidji-Bagley unconfined-drift aquifer have resulted in con-
cerns about present and future ground-water quality in the Bemidji-Bagley
area in north-central Minnesota (fig. 1). State and local officials identified
the need for a program to establish background water quality in aquifers, to
determine seasonal variations, to determine impacts of various land uses on
water quality, and to provide a means to observe future trends in water quality.











































































































































































Table 2.--State recommended 1limits for domestic consumption
and agricultural and wildlife use for selected
constituents in ground waterl, and percentages
of wells sampled where water exceeds the limits

[mg/L, milligrams per liter; ug/L, micrograms per liter; uS/cm, microsiemens per
centimeter at 25 degrees Celsius]

Number of Percent of wells
Constituent Concentration Limit type wells sampled exceeding limits
Inorganic Constituents

Ammonia .016 mg/l  Agriculture, Wildlife 62 56
Arsenic .01 mg/l Domestic consumption 33 0
Barium 1.0 mg/l Domestic consumption 23 0
Boron 0.5 mg/l Domestic consumption 23 4
Cadmium .01 mg/l Domestic consumption 23 0
Chloride 250, mg/l Domestic consumption 39 0
Chromium .05 mg/l Domestic consumption 23 9

(Hexavalent)
Iron 0.3 mg/l Domestic consumption 33 18
Lead .05 mg/l Domestic consumption 33 0
Manganese .05 mg/l Domestic consumption 23 35
Nitrate 10.0 mg/l Domestic consumption 62 0

(nitrate plus

nitrite as N)
Selenium .01 mg/l Domestic consumption 23 0
Sulfate 250. mg/l Domestic consumption 62 0

Other Constituents

Alachlor 6.0 pug/l Domestic consumption 13 0
Atrazine 3.0 ug/l Domestic consumption 13 8
Cyanazine 9.0 ug/l Domestic consumption 13 0
Metloachlor 10.0 ug/l Domestic consumption 13 0
Metribuzin 175.0 ug/l Domestic consumption 13 0
Simazine 35.0 ug/l Domestic consumption 13 0
Trifluralin 2.0 ugl/l Domestic consumption 13 0
Phenol 1.0 ug/l Domestic consumption 62 40
Dissolved 700 ug/l  Agriculture, Wildlife 62 8

solids
pH 6.0-8.5 standard units Agriculture, Wildlife 62 0
Specific

conductance 1000 uS/cm Agriculture, Wildlife 62 0

1Recommended limits from Minnesota Pollution Control Agency (1988).
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The suitability of water for irrigation commonly is determined by relating
conductivity of the water to the sodium-adsorption ratio (SAR), which can be
used to classify the water in terms of its sodium and salinity hazards. This
clagssification system was developed by the U.S. Salinity Laboratory (1954).

The SAR is determined by the following relation where constituent concentra-
tions are expressed in milliequivalents per liter:

Sodium
SAR = L)

J(Calcium + Magnesium)/2

A high SAR value indicates that irrigation can destroy soil structure and
thereby reduce permeability.

Salinity is directly related to the concentrations of dissolved solids in
water. High salinity concentrations endanger plants by reducing the amount of
water absorbed by roots. Waters from the uppermost confined-drift and uncon-
fined-drift aquifers exhibit a potentially 1&5 sodium hazard and a medium to
high salinity hazard (fig. 23). }

The chemistry of water from the unconfined-drift and from the uppermost
confined-drift aquifers is generally similar. Figure 22 shows that common
cations and anions plot in the same general areas of the diagram for both
aquifers. This similar grouping of data shows that major cations and anions
in water samples from the unconfined and confined-drift aquifers are of simi-
lar concentration and indicates that some mixing of water between the aquifers
probably occurs. |

Subtle differences exist between the chemistries of waters from the two
aquifers. Analyses for waters from the unconfined-drift aquifer are more
scattered than those for the confined-drift aquifer on the trilinear diagram,
possibly indicating that water from the unconfined-drift aquifer is affected
by outside factors such as influences from various land uses.

Waters from the uppermost confined-drift aquifer generally have greater
specific conductances; higher total dissolved solids; and greater concentra-
tions of alkalinity, bicarbonate, magnesium, sodium, potassium, fluoride, and
silica than have waters from the unconfined-drift aquifer (table 3). These
higher concentrations of naturally occurring constituents in waters from the
uppermost confined-drift aquifer may occur because of the longer flow paths
and longer residence times of water in the confined-drift aquifer as compared
to the unconfined-drift aquifer. Longer residence times in the uppermost
confined-drift aquifer compared to the unconfined-drift aquifer may reflect
(1) the possible discontinuity of the confinéd-drift aquifer and the low
ground-water-flow velocities produced by that discontinuity; and (2) the
greater depth of burial that results in long flow paths. The combined effect
is to increase the water-mineral contact time, thereby increasing mineral
dissolution and the concentrations of chemical constituents in the ground
water. Higher concentrations for listed constituents may also be caused by
longer residence time in ground water where recharge to the uppermost con-
fined-drift aquifer is through till in the h%ghland (morainal) area bordering
the unconfined-drift aquifer.
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SODIUM (ALKALI) HAZARD
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Flgure 23.--Suitability of water from unconfined and conflned-drift aquifers
for irrigation in terms of sodlum and salinity hazards

(U.S. Salinity Laboratory, 1954)
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Water in the unconfined-drift aquifer generally has higher mean concentra-
tions of dissolved ammonia plus organic nitrogen, dissolved nitrate plus
nitrite, dissolved chloride, dissolved phosphorus, dissolved orthophosphorus,
and dissolved phenols (table 3). Elevated concentrations of these constitu-
ents are related to land-use practices. The effect of these practices on
water quality of the unconfined-drift aquifer appears to be more pronounced
than that of the confined-drift aquifer, probably because of the proximity of
the unconfined-drift aquifer to land surface and the lack of low-permeability
materials that could isolate the unconfined-drift aquifers from direct infil-
tration of recharge. Increased nitrate concentrations can result from infil-
tration of runoff from livestock feedlots, domestic septic systems, and ferti-
lizers. Studies conducted by Myette (1984) near Staples, Minn., indicate that
concentrations of nitrate and chloride generally are greatest in samples from
the shallowest part of the surficial aquifer (mear the water table). This
indicates that water containing elevated levels of nitrate and chloride moves
vertically to the water table and then laterally, discharging primarily to
streams and lakes, rather than moving deeper into the ground-water system.
Only a minor amount of vertical mixing occurs within the saturated part of the
unconfined-drift aquifer. This is because hydraulic conductivities are great-
er horizontally than vertically and relatively short flow paths exist in these
systems.

Ground-Water Quality Related to Specific Land Uses

In addition to analyses for constituents sampled in common among all land-
use-type and aquifer-type groups, water from wells completed in the unconfined-
drift aquifer in commercial, residential, and agricultural land-use groups was
analyzed for specific groups of constituents whose possible occurrence might
be related to land-use activities in those areas.

Agricultural Areas

Water from wells in agricultural land-use areas were analyzed for arse-
nic and lead (formally used as pesticides) and| for a group of common organic
pesticides (Triazine group) (table 4). Arsenic and lead concentrations did
not exceed recommended drinking water limits of the MPCA (1988) in any waters
from agricultural-area wells. One organic pesticide (atrazine) was identified
in one well in Clearwater County (Appendix C). The concentration of atrazine
detected in this well was low (2.9 pg/L) (micrograms per liter), which is less
than the recommended limit for drinking water (Minnesota Department of Health
and Minnesota Department of Agriculture, 1988)' (table 2).

Commercial Areas

Water from wells sampled in commercial land-use areas was analyzed for
heavy metal ions and for a group of volatile organic compounds commonly used
for commercial and industrial purposes (table 5). Several volatile organic
compounds (methylene chloride, trichlorofluoromethane, 1,2-transdichloroethyl-
ene, and dichlorodifluoromethane) were identified at low concentrations in
several wells in the Bemidji area. Although the concentrations were low,
these compounds in drinking water are inherentﬂy toxic to humans. There are



Table 4.--Statistical summary of water-quality data for
wells completed in unconfined-drift aquifer in
agricultural land-use areas for lead, arsenic,
and common organic pesticides

[Reporting level is the lowest measured concentration of a constituent that may be reliably reported using a
given analytical method. The reporting level is sat somewhat higher than the detection limit. All
constituents in micrograms per liter unless noted. All analyses for this constituent were less than
reporting level. mg/L, milligrams per liter; --, not determined; <, less than]

Number of
samples less
Number of Standard Reporting than reporting
Constituent samples Mean deviation Minimum-Maximum Median level level
Carbon, organic total (mg/L) 13 6.3 3.0 2.5-10 6.2 .1 0
Arsenic, dissolved (as As) 13 1. .8 <1-4 1 1 7
Iron, dissolved (as Fe) 13 20 10 10-40 20 10 0
Lead, dissolved (as Pb)’ 13 -- - - -- 1 13
Propazine, total 1 13 -- -- -- -- .1 13
Simetrynme, totall 13 -- -- -- -- .1 13
Trifluralin, total 1 13 -- -- -- -- 1 13
Simazine, totall 13 -- -- -- -- .1 13
Prometone, totall 13 -- - - -- .1 13
Prometryne, totall 13 - -- -- b .1 13
Atrazine, total 13 -- -- <.1-2.9 .1 .1 12
Alachlor, total recovernbl.e1 13 - -- -- -- .1 13
Cyanazine, totall 13 - - - - .1 13
Ametryne, totall 13 -- -- -- -- .1 13
Metribuzin, total recoverablel 13 -- -- -- -- .1 13
Metolachlor, total recoverahle1 13 e == == == .1 13
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Table 5.--Statistical summary of water-quality data for
wells completed in unconfined-drift aquifer in
commercial land-use areas for heavy metals and

volatile-organic compounds

[Reporting level is the lowest measured concentration of a constituent that may be reliably reported
using a given analytical method. The reporting level is set fomewhat higher than the detection
limit. All constituents in micrograms per liter unless noted. All analyses below reporting level;
mg/L, milligrams per liter; --, not determined; <, less than.]

|
|

Number of
samples less
Number of Standard ! Reporting that reporting

Constituent samples Mean deviation Minimum-Maximum Median level level

Arsenic, Dissolved 13 4 4 <1-14 1 1 2
(as As)

Barium, dissolved 13 130 100 22-290 118 2 0
(as Ba) |

Boron, dissolved 13 40 30 <1&-120 30 10 1
(as B) '

Cadium, dissolved 13 -- -- <1-3 1 10 9
(as Cd)

Chromium, dissolved 13 - -- <10-310 <10 10 10
(as Cr)

Iron, dissolved 13 4290 6280 <3-20000 1130 3 1
(as Fe)

Lead, dissolved 13 -- - <5-10 <5 5 11
(as Pb)

Manganese, dissolved 13 950 1400 1-4800 450 1 [+]
(as Mn)

Aluminum, dissolved 13 19 7 <10-30 20 10 2
(as Al)

Selenium, dissolved 13 1 .3 <1-2 1 1 2
(as Se)

Dichlorgbromomethane, 13 - -- - - 3.0 13
Total

Carbontitrachloride, 13 -- -- -- - 3.0 13
Total

1,2,-Diihloroethane, 13 -- - -- - 3.0 13
Total 1

Bromoform, Total 13 = - - - 3.0 13

Chlorodibromomethane, 13 2 -- - -- 3.a 13
Total

Chlorofgrm, 13 - -- == -- 3.0 13
Total 1

Toluene, Tota11 13 - -- - -- 3.0 13

Benzene, Total 13 - - = - 3.0 13

Chlorobgnzene. 13 - -- 4- - 3.0 13
Total \

Chlozoethane, 13 -- -- - -- 3.0 13
Total

Ethylbenzene, 13 - - = -- 3.0 13
Total

Methylbromide, 13 - -- == -- 3.0 13
Total

Methylc?loride, 13 -- -- -= -- 3.0 13
Total

Methylenechloride, 13 -- - <3-27 <3 3.0 12
Total |

Tetrach}oroethylome, 13 == - l- - 3.0 13
Total ‘

Trichlorofluoro- 13 -- - <3-4 <3 3.0 12

methane, Total
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Table 5.--Statistical summary of water-quality data for
wells completed in unconfined-drift aquifer in
commercial land-use areas for heavy metals and
volatile-organic compounds--Continued

Number of
samples less
Number of Standard Reporting that reporting

Constituent samples Mean deviation Minimum-Maximum Median level level

1,1°Dickloroethane, 13 - - -- -- 3.0 13
Total

1,1*Dic&10roethylene, 13 - -- -- -- 3.0 13
Total

1,1,1-Trichloroi 13 -- -- -- -- 3.0 13
ethane, Total

1.1,2-Trichloroi 13 -- = - -- 3.0 13
ethane, Total

1,1,2,2-Tetrach}oro- 13 - - -- -- 3.0 13
ethane, Total

1,2—Dicklorobenzene, 13 -- -- -- -- 3.0 13
Total

1,2~Dic§10ropropane, 13 - -- -- -- 3.0 13
Total

1,2-Transdichlor- 13 4 -- <3-17 - 3.0 12
ethylene, Total o

1,3~Dic§loropropane, 13 - -- -- - 3.0 13
Total

1,3*Dic&lorobenzene, 13 - -- -- -- 3.0 13
Total

1,4~Dic§lorobenzane, 13 - -- - -- 3.0 13
Total

2-Chloroethylvinyl- 13 - - - -- 3.0 13
ether, Total

Dichlorodifluoro- 13 -- -- <3-6 -- 3.0 12
methane, Total

Trans-l,a-Dichloio- 13 -- -- -- -- 3.0 13
propene, Total

Cis 1,3-Didhloro: 13 -- - -- -- 3.0 13

1

propene, Total

1,2-Dib£omoethylene, 13 - -- -- -- 3.0 13
Total 1

Vinylchloride, Total 13 - - - -- 3.0 13

Trichorgoethylene, 13 -- - - - 3.0 13
Total

Mercury, Dissolved 13 .2 .2 <.,1-1.1 0.1 1 3
(as Hg) 1

Styrene, Total 13 -- -- -- -- 3.0 13

Xylene, Total 13 -- -- -- -- 3.0 13
recoverable
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few State or Federal drinking-water or health standards for these organic com-
pounds. Their presence in water from observation wells installed for this
study is probably related to localized sources near the wells.

Heavy-metal concentrations in water from wells in commercial land-use
areas were generally less than limits for doméstic consumption and agriculture
and wildlife use set by MPCA (1988), except for isolated occurrences of
chromium, iron, and manganese (Appendix C).

Residential Areas

Water from wells completed in the unconfined-drift aquifer in residential
land-use areas was analyzed for heavy metals in addition to the constituents
sampled for in common among all groups (table |6). Except for isolated occur-
rences of chromium and manganese, concentrations of metals in water from wells
in this land-use type group were all below concentrations acceptable for domes-
tic consumption and for agricultural and wildlife uses as set by the MPCA (1988).

Relation Between Water Quality and Land Use

A statistical comparison of common chemiJal constituents in water from
wells in each land-use and aquifer-type group is shown in table 7. Concentra-
tions are generally greater in water from wells completed in commercial and
residential land-use areas than in water from wells in agricultural and for-
ested land-use areas. For example, mean values of temperature, ammonia plus
organic nitrogen, phosphorus, calcium, sodium, potassium, chloride, sulfate,
silica, dissolved solids, and specific conductance are generally greater for
wells in commercial and residential land-use type areas than for wells in
forested and in agricultural land-use type areas. The mean values of ammonia
nitrogen, magnesium, and fluoride are generally greater for wells in commer-
cial land-use type areas than for wells in forested and agricultural land-use
type areas. The mean value of nitrogen (NO, + NO;, dissolved) is generally
greater for wells in residential land-use type areas than for wells in forest-
ed and agricultural land-use type areas.

The relationship between land use and ground-water quality is further
illustrated by box and whisker plots (figures 24-26). Corresponding plots
of the several constituents from wells completed in the confined-drift aquifer
also are shown for comparative purposes. These plots graphically illustrate
the median (50th percentile) and quartile values (25th and 75th percentiles).
Also, the range of adjacent data that are lesi than 1.5 times the interquar-
tile distance (range between the 25th and 75th percentile points) above the
75th or below the 25th quartile value are represented by the "whiskers".
Outlier values are also shown on these plots as outlying points.

These plots are included to illustrate the relation between land use and
the general chemistry of ground water in the dnconfined-drift aquifer. Similar
relations exist for ammonia plus organic nitrogen, phosphorus, calcium, sodium,
potassium, chloride, silica, magnesium, and fluoride. These data suggest that
land use may be affecting the quality of water in the unconfined-drift aquifer.

|
|
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Table 6.--Statistical summary of water-quality data for
wells completed in unconfined-drift aquifer in
residential land-use areas for heavy metals

[All constituents in micrograms per liter. 1A.l..l. analyses below reporting level.
--, not determined; <, less than]

Number of Standard Reporting
Constituent samples Mean deviation Minimum-Maximum Median level
Arsenic, dissolved 10 2 .5 <1-2 1 1
Barium, dissolved 10 50 10 40-70 50 10
Boron, dissolved 10 40 20 <10-80 40 10
Cadmium, d:luolven:l1 10 - - - - 10
Chromium, dissolved 10 30 30 <10-90 10 10
Iron, dissolved 10 240 720 <3-2300 10 3
Lead, dissolvedl 10 -- - - -- 5
Manganese, dissolved 10 69 180 1-590 8 1
Aluminum, dissolved 10 10 5 <10-20 10 10
Selenium, dissolvedl 10 - -- -- - 1
Mercury, dissolved 10 .1 .1 <,1-0.2 .1 .1

69



8°2-01"> %°S-0£° ¥0°0-10° 0s%-022 0.£-081 6°1-679 068-062 S°21-5872 1e13UspLsay
2670-01°> g°1-02°> 92°-10° 085-0%! 0.%-0L1 £°8-8"9 528-122 ‘11-0°8 paisaJod
0£°0-01°> S°1-02°> 2°1-10° 0£9-0%2 025-961 1°8-0°2 068-02¢ 0°Sl-972 Jajinbe pauluo)
2°1-01°> Y1-08° 5°8-20° 0£5-0.1L 07%-0%1L 6°L-9°9 0081L-922 0°21-0°8 1813J3u0)
S°%-01°> 02°0-02°> $0°0-10° 08¢-0L1 01£-26 1°8-€°2 $95-802 0°%1-972 18Jn31N91J6Y
WAL § XE - LU LI
9°2 st 10° 69 117 -- S8l 8°¢ jeljusplsay
og¢* Ly oL* 174} 00l -- esl 670 paisadJod
80" 8¢” g oLt 26 -- 97l £2 J4341nbe pautjuod
) S'€ 92 oyl oLl -- 6% 572 18 3J3umo0)
9l 8- 10° 68 2. -- ] r4K4 184n31N21J6Y
UOLIBIASD pJBPUB]S
s 2 0s* 20° 082 444 S°Z S09 ) 1813U3p| Sy
6z’ 687 60" ole 0%2 kA 02y 5°6 pa3saJoy
oL- o 9 oLY (1} 9°4 998 s il Jajinbe paut juo)
sy 0l* 80° 0%¢ 0.2 €2 265 0701 TetdJ8uMo)
0°L og" 20° og2 061 972 oYe S°6 184n31n9LJ6Y
uepay
0°¢ 0l 20’ 00¢ 0e2 -- 195 SLl 1813Usp1say
oL* A £0° 0£g 082 -- LeY 9°6 pa3saJod
1’9 Ys° s2° oLy (1} -- 6%8 2°01 Jajtnbe paut juo)
27! 0°¢ 0"l 09¢ 062 - 173 6°0l 181JJ3UM0)
8! iy 20° 092 ol -- 18¢ 0°0L 184n31N01J6Y
uean
19 19 89 4 29 29 <9 89 sadwes
40 JaquNi
sjea3ju  ouebso  eiuouwy (Soon se /6wy (%0ded se 1/Bw)  (s3un (wo/sn) (sn1s13)
smd smd ‘Praty ‘pr1ats pJepuels) 3suelanpuod saaJbap)
311J3IN  EBlUOCUMY ‘ajeuoquedtg ‘Anuney ud o1j199ds  auniedadwa]
N se (7/6w)

'paajossip ‘uaboJul N

[uey3 ssa) ‘> Ipauiwsaiap jou ‘--
iAJojeuoqe) B Ul pauUlWJIIIAP aneA ‘Asojedoqe) Jalls Buljdwes je paulwuyIIap anjeA ‘pyats
IsN1$19) $33463p G2 3B J33aWLIUDD Jod SUSWILSOJO LW ‘WO/SH l4a3l) Jad swesBoudiw ‘1/67 lJua31) Jad swedbiyyiw ‘7/6w)
dnox8 adf3-xayrnbe pue
asn-puey Lq vaep L3r7enb-xajea jo LAxewmms TeOTISTIRIS--'[ 931qBL



0€£°%-0L°0 1y-£°2 00°£2-00"L1 0gl-SS 0%°-10"> 0%°0-10"> 1eL3usplsay
02°£-09°0 OL-17) 00°£%-0S"Y oLlL-£€ 90°-10"> 80°0-10°> pa3saJdod
04°5-0£°0 02e-%1 00°09-L1°0 0gl-6° lL°-10"> €1°0-10"> Jajinbe pautjuo)
00°9¢-09°0 0£2-6"1 00°%9-08°6 061-£% 69°-10°> 69°0-10°> jetoJauwmo)
04°%-0%°0 el-%"1 00°€2-0£°6 66-1¢ 90°-10"> 20°0-10"> 184n31ndLJby
WNuiL XeW-Wnuw LU L
oL°l 4} 12"t 1°s el €L 1et3usplsay
42°0 272 16701 114 20° 20" paisaJoy
(1) ) 1S 08°¢l 62 e0” €0° 434 1nbe pautjuo)
9176 65 ge gl 0% 8L 61" 1eL2J3uwo)
Gl 42 LY 02 20° 20" 184n31NoLIBY
uotietA’p piepuels
0%l A 9l 84 S0° 90° 1e13uaplsay
0g°l 2'e 6l 0L e0* £€0° pa3saJod
o2 9°s Y2 K/ 10" 10° Ja4tnbe pautjuo)
08°1 6l gl 06 10° 20° 1€e1aJauwo)
0g°l L2 k41 45 20” €0° 184n31N0LIBY
ueLpan
16721 13 9l 08 60° oL 1e13udplsay
139 % 82 8l 173 10" 20° pajisaJod
€%°2 174 2 2L 20° a0 Ja4inbe pauljuo)
65°% Ye 174 %6 90° 80" 1e1aJ3umo0)
91 9°¢ 9l 29 20° €0° 184n31noLI6Y
uean
89 29 29 19 89 9 sojduwes
J0 JaCuUNN
(X se 7/6w) (eN se 7/6w) (bW se 7/6w) (e) se 7/Bw) (4 se 1/Bw) (4 se 7/6w)
‘panjossip ‘pantossip ‘panjossip ‘paAjossLp ‘panjossip  ‘paAjossip
‘unisselod ‘wn1pos 'wn1sauben ‘unioye) ‘oyyJo ‘snJoydsoyd
*snaoydsoyd

penutjuo)--dnox8 adLj-zayrnbe
pue asn-puey Aq viep L317enb-I938AM jJo ATeumins TeOT3ISTIBRIS--°[ 9IqRl

71



L-1"> 805-812 02-1> 62-91 2°0-L"> 12-2°8 £6 -S°9 18LjuapLsay
8°y-9°2 ¥Sy-62L  0%-1> £2-6°1 2°0-L"> 1-0°Y €2-09° pa3saJoy
1°9-8° £86-222 £-1> 62-81 2°L-L> 88-6" ¥°9-0¢" Jajthbe pautjuo)

kaad 304 0204-921 g8-1> £9-21 £°0-1°> -7 08¢-09° 1©19J3Uw0)
oL-s°2 YL8-291 7-1> 22-11 1°0-L°> 2L1-9°¢ SL-§° 184n3)NoLIBY
W L XBj-WNWLUL §
L°s Y0l 9 6% 0° Sy 13 1813uapLsay
4 £6 193 8°s 0° 2°e -1 pa3saJod
6°L 00l l 7€ r 22 L7 Jajinbe pauijuo)
0 2€e 4 2°8 L 8°9 56 18 413J43uo)
0°¢ 99 l 0°s 0° §°2 L°¢ 184n3)n3Lu6Y
UOL3BIASP pJepuels
- s 58— 2 22 i° 4 —¥&——— - jBlLjuspisay .
i r x4 4 174 L 8°L 7l pa3saJod
6L s2¢ l €2 2° %9 9°0 Jajinbe pautjuo)
Y6 99¢ L €2 L k4 L4 18 13J3uno)
29 802 4 6l L 29 8°2 184n3)noLaby
us1pon
6°9 £he k4 a2 L° £l 0% 1eLjuaplsay

L 082 Y Ll L° s°8 L9 paisaJdoy

e FA,Y Z 74 [ k4 2"} Jajinbe pautjuod

2l 8% 4 92 2 r43 0S 1813J3uwo)
£°9 02 2 61 L° 6°9 9°€ 184n3)noLaby
uean
09 19 29 €9 19 89 89 soduwes
40 JoquUNN
(3se /8wy (8w (/8 (Cois se /6wy (4 se 1/6w) (Yos se v/BW) ()7 se 1/6w)
1e303 sn1s)a) ‘ye3o3 ‘paajossip ‘POAjOSSIP ‘paAjossip ‘paAjossip
‘uoque) §334B3p  "sjoudyd ‘edlis ‘apLano4 ‘areyIns ‘aprio1yd
91ueBig 08l e
1enpisad
‘paajossip
‘spiios

penurtjuo)- -dnoxf adL3-zayrnbe
pue asn-puwyT Aq viep L3176nb-I939A JOo ATPWEns [®OT]ISTI®IS--'| OTqelL

72



1200

1000

800

Recommended drinking water
standard (MPCA, 1978)

600— °

—_————— T e 4—

4001 | |

200}~ I I T

DISOLVED-SOLIDS CONCENTRATION,
IN MILLIGRAMS PER LITER

1100

1000—

800

700

500 — }

400

SPECIFIC CONDUCTANCE, IN
MICROSIEMEMS PER CENTIMETER
3
=]
I

300 ’

200—

100

Forest
(unconfined) | —

Agriculture
(unconfined)
Commercial
(unconfined)

Residential
(unconfined)

(Confined-drift)

SOURCE OF WATER

EXPLANATION

Percentile-Percentage of
analyses equal to or less
than indicated values

e Outlier value

|

——Maximum adjacent value

—75th percentile

—50th percentile (median)

[

—25th percentile
—— Minimum adjacent value

See page 68 for
explanation of max-
imum and minimum
adjacent value

Figure 24.--Concentrations of dissolved solids and specific conductance In ground water from
uppermost confined-drift aquifer and from various land-use areas in unconfined-drift aquifer
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Trilinear diagrams of common cations and anions for waters from the
unconfined-drift aquifers from each land-use type group further illustrate
this relationship (fig. 27). The relative scatter in these plots indicates
greater variability in common-ion concentrations in water from wells completed
in commercial and residential land-use type groups than in water from wells
completed in agricultural and forest land-use type groups. This suggests
that a land-use impact may exist. Land-use activities in the areas of more
intensely-used land use (residential and commercial land-use type areas)
appear to result in greater variability in the concentrations of common ca-
tions and common anions than in areas of less intensely used land use (agri-
cultural and forest land-use type groups). |

The null hypothesis that no differences exist in ground-water quality
among water from wells completed in different land-use type groups from the
unconfined-drift aquifer was tested with a non:parametric statistical tech-
nique (Kruskal-Wallis test) (Walpole and Meyers, 1978). The test is a gener-
alization of the Wilcoxon two-sample test extended to the case of more than
two samples. It was used to test the null hypothesis that independent samples
are from identical populations. The test is a nonparametric procedure for
testing the equality of medians when the assumbtion that the samples are
selected from normally-distributed populations may not be valid. The method
involves converting observations for a particular parameter, chloride concen-
tration for example, from all land-use categories to rank and summing the
ranks for each parameter for each land-use type group.

The computed statistic becomes, and is computed as:

k
12 r?
h = —| - 3(n+l) (3
n(n+l) nyg
i=1
where:
n = total number of observations in all samples,
nyg (i=1,2,....k) = the number of observakions in the 1th sample,

ith

r: = sum of ranks for the sample, and

h = test statistic.

The h statistic has approximately a Chi-square| distribution with k-1 degrees
of freedom, when each sample contains at least| 5 observations. If h falls

in the critical region h > x with k-1 degrees| of freedom and significance
level, a, the null hypothe51s (that samples are from identical populations)

is rejected at that particular level of significance. Otherwise, the hypothe-
sis is accepted.
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The Kruskal-Wallis test was used to test the assumption that analyses
sampled in common in all land-use type groups from the unconfined-drift aquif-
er were from the same population. After calculation of the h statistic for
all parameters, x& value of 7.81 was determined from published tables using
a 0.05 level of significance with three degrees of freedom. Using this value
to define a critical region, evidence to reject the hypothesis that all analy-
ses are from the sample population was available. The results, shown in table
8, suggest that, for 12 of the 21 constituents sampled in common among all
land-use type groups, the hypothesis that samples were from identical popula-
tions could be rejected (table 8). These statistical data are further evi-
dence that land use influences ground-water quality in the unconfined-drift
aquifer. Although this statistical technique does not identify the particular
land-use type group or groups that are statistically different, evaluation
of the tabular data shown in table 8 and figures 24-27 suggest that the dif-
ferences exist between commercial residentialrﬁnd forest agricultural land-
use type areas. Water from the unconfined-drift aquifer in areas of commer-
cial and industrial land use tend to have elevated concentrations of many
constituents relative to those concentrationsvﬁn areas of agricultural and
forested land use.

Isotope Analyses for Identification of Nitrogen Sources in Ground Water

Variations in naturally-occurring nitrogeh-isotope ratios were deter-
mined for samples from four wells in an attempt to identify the source of
nitrogen in ground water from wells completed in the unconfined-drift aquifer
in each of the four land-use type groups. This work was conducted as part of
a larger study to identify the sources of nitrogen in ground water in Minneso-
ta (H. W. Anderson, U.S. Geological Survey, St. Paul, Minn., written commun.,
1987).

Variations in naturally occurring nitrogen-isotope ratios (15N/14N) have
been used by Kohl and others (1971) to identify sources of nitrate in surface
water. Kreitler and others (1978), Gormly and Spalding (1979), and Flipse and
Bonner (1985) have used nitrogen-isotope ratios 1Tsstudies of ground water.
Nitrogen-isotope ratios arfsused to define delta “-N values, which quantify
the relative abundance of ~~N isotope in various compounds where:

|
15y/14N sample - 154/14N Standard

delta 19N = 1000 (2)

15N/U‘N Standard

The 15N/ll'N isotope ratio used as a staniard is that of nitrogen in air.
The delta N values are calculated based on equation (2) and expressed in
parts per thousand. ‘
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Table 8.--Kruskal-Wallis test (0.05 level of significance)
of hypothesis that water-quality samples for four
different land-use types were from identical
populations

[Null hypothesis is that no differences exist in ground-water
quality among waters from wells completed in different land-use
type groups in the unconfined-drift aquifer. mg/L, milligrams per
liter; pg/L, micrograms per liter; uS/cm, microsiemens per
centimeter at 25 degrees Celsius; field, value determined at
sampling site; lab, value determined in a laboratory]

Number of Kruskal- Test of
wells Wallis H null
Constituent analyzed statistic hypothesis
Temperature, water 49 4.5 accept
Specific conductance 47 17 reject
pH, field 49 0.30 accept
Alkalinity, 37 7.0 accept
total, field
Bicarbonate, 35 6.1 accept
field
Nitrogen, ammonia, 49 20 reject
dissolved
Nitrogen, ammonia plus 49 17 reject
organic, dissolved
Nitrogen, nitrite 42 19 reject
Plus nitrate
dissolved
Phosphorous, dissolved, 47 9.9 reject
Phosphorous, ortho, 49 15 reject
dissolved
Calcium, dissolved 48 12 reject
Magnesium, dissolved 48 5.3 accept
Sodium, dissolved 48 20 reject
Potassium, dissolved 48 6.7 accept
Chloride, dissolved 49 25 reject
Sulfate, dissolved 49 18 reject
Fluoride, dissolved 48 6.1 accept
Silica, dissolved 48 12 reject
Phenols, total 46 5.2 accept
Solids, dissolved, 49 16 reject
residue at 180
degrees Celsius
Carbon, organic, 49 7 accept
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Anderson (U.S. Geological Survey, St. Pa¥§, Minn., written commun., 1987)
has compiled published data related to delta *-N gor ground water from several
land-use types. These data indicate that delta 15N values less than +4.0 parts
per thousand indicate a predominance of nitrate from a commercial fertilizer
source, while values greater than +250 parts per thousand indicate a source
from human or animal waste. Delta ~~N values between 4.0 and 9.0 may repre-
sent a mixing of effects from the two main sources.

Ground water from four wells representing wells completed in the uncon-
fined-drift aquifer under each of four land-use type groupis(agricultural,
commercial, forest, and residential) were sampled. Delta N values ranged
from 0.38 to 3.88, suggesting that commercial fertilizer is a primary source
of nitrogen in water from all four land-use types.

One well from each land-use and aquifer-type group was sampled during each
of the four seasons in 1987-88 to examine the effect of seasonal changes on
concentrations of chemical constituents (table 9). Few easily identifiable
trends are present in these data. The values of pH appear to be lowest in the
late summer and fall. Seasonal changes in concentrations of chemical constit-
uents are assumed to be minimal.

Quality-Control

Several quality-control measures were used to test for variability intro-
duced into the water-quality results by sampling, shipment, and analysis.
Duplicate sampling of waters from one well in each of the land-use and aquif-
er-type groups (table 10) demonstrated that the results of nearly all parame-
ters were reproduced within 10 percent. TOC (total organic carbon) and phos-
phorus were the principal exceptions.

These quality-control results indicate that sampling and analytical techniques
were effective for obtaining precise and accurate results for all parameters

For most samples, the cation-anion balan:Es agreed within 5 percent.
except total organic carbon.

80




Table 9.--Seasonal water-quality data for selected wells

[mg/L, milligrams per liter; ug/L, micrograms per liter; uS/cm, microsiemens per centimeter at 25
degrees Celsius; mm, millimeter; field, value determined at sampling site; lab, value determined in
laboratory; FET, fixed endpoint titration IT, incremental titration; --, not determined; <, less than]

Station number, Temperature, Alkalinit¥ Alkalinity,
Location, water, Specific pH total total, IT,
and degrees conductance (standard ie fie
Local name Date Celsius (uS/cm) units) (mg/L as CaCO ) (mg/L as CaCOS)
472300094231800 10-14-87 9.5 390 7 220 220
145.29.8 01-15-88 8.0 275 8.3 148 -
NAT. FOR. E.,NO. 1 04-05~-88 -- ~- -= == ==
472409094592200 09-03-87 8.5 374 7.4 206 210
145.34.3 CBB 10-19~87 7.5 373 7.8 212 212
COLEMANN 01-18-88 - 380 7.8 212 --
04-06-88 -- -= == -- --
72652094532000 08-25-87 8.0 290 7.7 182 182
146.33.20 ADC 10-14~-87 9.0 358 7.9 184 184
SLINEY 01-18-88 8.0 388 7.8 202 -
04-06-88 == -~ ~-= -- --
472907095084100 08-29~-87 8.5 312 7.8 -- -=
,33.20 10-13-87 -- 307 8.0 -= 151
LUNDBERG 01-15-88 8.0 295 8.3 148 ~-=
04-06-88 -= -= -= -- --
472925094525200 07-30-87 9.4 593 7.7 248 ==
146.34.4 BDB 10-16-87 8.5 694 7.1 278 278
DNR IN T 01-20-88 -- 590 b -
04-05-88 -- -- -- -- --
NitrosenL dissolved
Phosghorous, Carbon,
Ammonia Nitrite Phosphorous, organic, Calcium
plus g dissolved dissolved al dissolved
Station number Date Ammonia orsanic nitrate (mg/L as P) (mg/L as P) (mg/L as C) (mg/L as Ca)
472300094231800 10-14-87 0.02 <0.20 0.67 b 0.04 -= 68.00
01-15-88 .04 .40 .25 ~= .00 -= 74.00
04-05-88 .02 .20 .30 -- .03 -- 61.00
472409094592200 09-03-87 <.01 <.20 .30 0.04 .03 0.7 60.00
10-19-87 .02 .30 .34 .04 .01 -- 61.00
01-18-88 .01 .20 .32 -= .03 -= 60.00
04-06-88 .01 <.20 .32 .04 .03 -= 61.00
472652094532000 08-25-87 .01 .30 1.20 .07 .05 4.9 58.00
10-14-87 .01 <.20 1.30 -= .06 == 59.00
01-18-88 .02 <.20 1.80 -- .06 - 65.00
04-06-88 .05 .40 2.40 -= .04 == 66.00
472907095084100 08-29-87 <,01 .30 4,50 .03 .02 5.9 46.00
10-13-88 .02 .20 4.20 -- .02 ~-= 43.00
01-15-88 -— == 3.50 -- -- -- 34.00
04~06-88 .11 .60 4.30 b 02 -= 45.00
472925094525200 07-30-87 40 .70 -- <,01 <.,001 4.3 ==
10-16-87 -= .60 == -- .01 == 98.00
01-20-88 .03 .30 4.70 - <.001 - 82.00
04-05-88 13 .70 .10 <,005 .001 -= 66
Solids,
dissolved,
residue
at 180
) Magnesium, Sodium Potassium, Chloride Sulfate degress
dissolved dissolved dissolved dissolved dissolved Celsius,
Station name Date (mg/L as Mg) (mg/L as Na) (mg/L as K) (mg/L as CL) (mg/L as SO04) (mg/L)
472300094231800 10-14-87 14 2.4 0.8 1.0 7. 241.0
01-15-88 15 2.8 1.0 2.7 13 246.,0
04-05-88 13 2,2 .7 1.1 9.1 222.0
472409094592200 09-03-87 16 2.3 1.0 0.6 11 233.0
10-19-87 15 == 1.0 .9 8.0 229.0
1-18-88 16 1.9 .9 .6 8.6 226.0
04-06-88 16 ~-= .9 .7 8.5 220.0
472652094532000 08-25-87 13 2.3 1.4 6.5 8.2 218.0
10-14-87 13 1.9 1.6 10 8.4 224.0
01-18-88 14 1.9 1.3 9.1 8.5 252.0
04-06-88 15 2.1 1.7 9.1 9.3 250.0
472907095084100 08-29-87 14 2.1 1.0 3.2 6.1 200.0
10-13-87 13 2.6 1.4 4.5 6.1 183.0
01-15-88 14 2.7 -= -= -- 193.0
04-06-88 13 2.9 1.5 3.9 14 195.0
472925094525200 07-30-87 -= -- -- 40 14 438.0
10-16-87 27 19 1 61 22 355.0
01-20-88 22 19 1.8 30 15 366.0
04-05-88 20 14 8 18 13 314.0
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SUMMARY AND CONCLUSIONS

Unconfined and shallow, confined-grift aquifers are the primary aquifers
providing water to wells in a 1,600 mi“ area that includes parts of Beltrami,
Cass, Clearwater, and Hubbard Counties, Minnesota. The unconfined-drift
aquifer consists of coarse sand and gravel in the north and fine sand and
gravel deposits to the south. The aquifer is present near the Mississippi
and Clearwater Rivers in the central part of the study area, where it under-
lies an area of approximately 550 mi“. The saturated thickness of the aquifer
ranges _from 0 to 130 feet, and is greater than 20 ft thick over approximately
280 mi. Except in the Bemidji and Cass Lake areas, the aquifer is not used
extensively as a source of water to wells. On| the basis of estimates of hori-
zontal hydraulic conductivity derived from specific capac%ty information, the
transmissivity of the aquifer ranges from less thag 70 ft“/d in the south and
west parts of the aquifer to greater than 8,900 ft“/d in the area west of
Bemidji. Well yields of as great as several hundred gallons per minute are
possible in some areas., The scant thickness of the aquifer over most of the
area limits the potential productivity of the aquifer as a potential source
of ground water to wells.

\

The general direction of ground-water flow in the unconfined-drift aquifer
is similar to the general direction of surface-water drainage, toward the
Mississippi and Clearwater Rivers. These rivers are major discharge points
for both the uppermost confined-drift and the unconfined-drift aquifers in the
study area. Locally, flow in the unconfined-drift aquifer is toward numerous
small streams, wetlands, and lakes, and may differ significantly from the
regional direction of ground-water flow. The unconfined and confined-drift
aquifers are separated by a fine-grained confining unit consisting of either
till or lake deposits. This confining unit hydraulically separates the two
aquifers. The top of the unit slopes gently to the east at about 10 ft/mi.
The confining unit ranges from 1 to 340 ft in thickness.

The uppermost confined-drift aquifer is the primary source of ground water
to wells in the Bemidji-Bagley area. The altitude of the top of the uppermost
confined-drift aquifer ranges from about 1,350 ft above sea level in the
Bagley area to about 1,250 ft in the Bemidji and Cass Lake areas. The thick-
ness of the aquifer ranges from O to as much as 60 ft in the Bemidji area.

On the basis of hydraulic-conductivity and thickness data and results from
ground-water-flow modgl simulations, the transmissivity of the aquifer ranges
from less than 100 ft“/d in the southern and western parts of the aquifer to
greater than 12,800 ft“/d in the central portion of the area. Well yields of
from 10 to 2,100 gal/min are possible in some areas. The thinness or absence
of the aquifer over parts of the area limits the potential productivity of the
aquifer as a source of ground water to wells.

On a regional scale, the direction of ground-water flow in the confined-
drift aquifer is toward the Mississippi and Cﬂearwater Rivers, the major dis-
charge points for the aquifer in the study area. Ground-water divides are
approximately coincidental with surface-water divides between the river
systems.
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Recharge to the ground-water system is predominantly from precipitation.
Recharge is greatest in areas where the unconfined-drift aquifer is present.
Recharge is usually greatest in the spring because of snowmelt, rain, and low
rates of evapotranspiration. Assuming a specific yield of 0.2, areal dis-
charge is estimated to be 4 to 8 in/yr in the sand-plain area.

Water samples were collected from observation wells completed in the
unconfined-drift aquifer and from domestic-supply wells completed in the
confined-drift aquifer throughout the study area to determine general ground-
water quality, to test the assumption that ground-water quality is affected
by land-use practices, to determine seasonal changes in water quality, and to
provide baseline hydrologic and water-quality data for use in future assess-
ments of long-term trends.

Waters from both the unconfined-drift and uppermost confined-drift aquifers
in the Bemidji-Bagley area are very hard, averaging 267 and 309 milligrams per
liter (mg/L) of CaCOy, respectively. Calcium and bicarbonate are the predomi-
nant ions in ground water from both the unconfined-drift and uppermost con-
fined- drift aquifers. Waters from both aquifers generally are suitable for
domestic consumption, crop irrigation, and most other uses. Concentrations of
ammonia, boron, chromium, iron, manganese, phenols and atrazine locally exceed
recommended limits of the MPCA (1988) for domestic consumption. Dissolved
solids locally exceed the MPCA (1988) recommended limit for agricultural and
wildlife use.

Subtle differences characterize the chemistry of waters from the two
aquifers. Waters from the unconfined-drift aquifer tend to group less closely
than waters from the confined-drift aquifer on trilinear diagrams. This in-
dicates that in some locations waters from the unconfined-drift aquifer are
affected by outside factors such as influences from various land uses. Waters
from the confined-drift aquifer generally have greater specific conductance
and higher concentrations of total dissolved solids, alkalinity, magnesium,
sodium, bicarbonate, potassium, silica, and fluoride than waters from the
unconfined-drift aquifer. These differences may be related to the relatively
long flow paths and long residence times of water in the confined-drift aquifer.
The unconfined-drift aquifer generally has higher mean concentrations of dis-
solved ammonia plus organic nitrogen, dissolved nitrate plus nitrite, dissolved
chloride, dissolved phosphorus, dissolved orthophosphorus, and dissolved phenols
than the confined-drift aquifer. Elevated concentrations of these constituents
may be related to land-use practices.

In addition to analyses for constituents sampled among all land-use type
and aquifer-type groups, water from wells completed in the unconfined-drift
aquifer in commercial, residential, and agricultural land-use groups was
analyzed for individual groups of constituents whose possible occurrence might
be related to land-use activities in those areas. Waters from wells in agri-
cultural land-use areas were analyzed for arsenic and lead and for a group of
common organic pesticides (triazine group). Arsenic and lead concentrations
did not exceed recommended drinking-water limits of the MPCA (1978), in any
waters from agricultural-area wells. One organic pesticide (atrazine at
2.9 pg/L) was identified in one well in Clearwater County.
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Waters from wells in the unconfined-drift aquifer were sampled in commer-
cial land-use areas and analyzed for heavy-metal concentrations and for a
group of volatile organic compounds commonly used for commercial and industri-
al purposes. Several volatile-organic compounds (methylene-chloride, trichlo-
rofluoromethane, 1,2-transdichlorethylene, and dichlorofluoromethane) were
identified at low concentrations in several wells in the Bemidji area. Heavy-
metal concentrations in water from wells in commercial land-use areas are
generally less than recommended limits for domestic consumption and agricul-
ture and wildlife use of the MPCA (1988), except for isolated elevated concen-
trations of chromium, iron, and manganese.

In residential land-use areas water from wells completed in the uncon-
fined-drift aquifer was analyzed for heavy metals in addition to constituents
sampled for in common among all groups. Except for isolated occurrences of
chromium and manganese, concentrations of all metals in water from wells in
this land-use type group were below concentrations acceptable for domestic
consumption and for agricultural and wildlife uses as established by the MPCA
(1988).

Graphical and numerical comparisons of cémmon chemical constituents in
water from wells in each land-use and aquiferitype group indicate that concen-
trations are generally greater in water from &ells completed in commercial and
residential land-use areas than in water from wells in agricultural and for-
ested land-use areas. For example, mean values of temperature, ammonia plus
organic nitrogen, phosphorus, calcium, sodium, potassium, chloride, sulfate,
silica, dissolved solids, and specific conductance are generally greater for
wells in commercial and residential land-use type areas than for wells in
forested and agricultural land-use areas. The mean values of ammonia nitro-
gen, magnesium, and fluoride are generally greater for wells in commercial
land-use type areas than for wells in forested and agricultural areas. The
mean values of nitrogen (NO, +NO;, dissolved) are generally greater for wells
in residential land-use type areas that for wells in forested and agricultural
land-use type areas. Box plots graphically illustrate that a relationship
exists between land use and the general quality of ground water in the uncon-
fined-drift aquifer. Trilinear diagrams of common cations and anions suggest
that there is a greater variability in concentrations of these constituents in
water from wells in the unconfined-drift aquifer in commercial and residential
land-use areas than for wells in agricultural and forested areas.

The hypothesis that no differences exist | in ground-water quality among
waters from wells completed in different landruse type groups in the uncon-
fined-drift aquifer was tested with a nonparametric technique (Kruskal-Wallis
test) (Walpole and Meyers, 1978). The hypothésis could be rejected for 12 of
the 21 constituents sampled among all land-use type groups.

One well from each land-use and aquifer-type group was sampled during each
of four seasons in 1987-88 to examine the effect of seasonal changes on water
quality. No easily identifiable trends are present in these data, and season-
al changes in concentrations of chemical constituents are assumed to be mini-
mal,
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APPENDIX A.--WATER USE

by Lee Trotta

Public Supply

Public water supply is the major use of éround water in the Bemidji-Bagley
area and comprises both municipal and private 'waterworks. There are three
municipal waterworks in the study area; Bemidji, Bagley, and Cass Lake.

Bemidji alone withdrew 441.6 Mgal in 1985. Together these three municipal
waterworks withdrew 531 Mgal of ground water 4t a rate of 111 gal/d per capita
in 1985. This rate of use includes deliveries to industrial and commercial
users and is slightly below the State average of 175 gal/d per capita and the
national average of 183 gal/d per capita. One of the larger publicly supplied
industries in Bemidji is potato processing. |

There are at least 11 private waterworks!in the study area. The eight
largest withdrew 2.75 Mgal in 1985. Those that withdraw over 10,000 gal/d
require appropriation permits and must reportlmonthly pumpage to the Minnesota
Department of Natural Resources. Most of the iwater withdrawn was used to
supply trailer parks.

Total public-supply withdrawals for 1985 were about 559 Mgal, all from
ground water. The City of Cass Lake also withdrew 8.5 Mgal of surface water
in 1985 for temporary pipeline and tank testing.

Industrial

Privately supplied industrial water use in the study area included egg
processing and the manufacture of particleboard and paperboard products.
About 29.4 Mgal of ground water was withdrawn for these purposes in 1985.
Also, about 18.4 Mgal of surface water was withdrawn for the manufacture of
ready-mixed concrete products in 1985. Some water may be withdrawn to dewater
sand and gravel pits for mining, but none was reported in 1985.

Commercial

There is little privately supplied commercial water use in the study area.
One establishment had a commercial-use permit and withdrew 0.8 Mgal of ground
water during 1985. Smaller privately-supplied commercial establishments were

not required to report. |
i

Hydroelectric-Power G#neratiog

The single hydroelectric plant in the stddy area withdrew about 48,910 Mgal
of surface water from the Mississippi River in order to produce 2.671 gigawatt
hours of electricity in 1985. Although this represents greater than 96 percent
of all the water withdrawn in the study area, |essentially all this water was
returned to the river.
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Irrigation

Irrigation is a major use of water in the study area. Most sprinkler
irrigation is consumed by the crops or lost to evaporation. Wild rice irriga-
tion however, uses flooding techniques that allow a certain amount of seepage
to ground water.

Withdrawals to irrigate wild rice amounted to 40.2 Mgal of surface water
in 1985. These withdrawals were divided among 3 permit holders irrigating
230 acres of wild rice. The study area'’s average paddy received about 6.5 in.
of water in 1985.

Other major crops (mostly potatoes) required 31.7 Mgal of ground-water
irrigation. Six permit holders reported irrigating a total of 497 acres in
1985. The average potato field in the area received about 2.2 in. in 1985
and 3.8 in. in 1986.

Noncrop irrigation (for nursery, landscaping, cemetery, and golf course
purposes) required 22.8 Mgal of ground water and 15.5 Mgal of surface water
in 1985. The average golf course applied a total of about 3.4 in. in 1985.

Total reported irrigation withdrawals in the study area were about
110.2 Mgal, split evenly between surface water and ground water. This equals
only 5 percent of Beltrami County's estimated irrigation withdrawals. The
difference between reported and estimated withdrawals is that estimated totals
are made by assigning withdrawals to known irrigators if reported withdrawals
do not exist. This assigned withdrawal volume is based on information reported
in previous years. Incorporating such an estimation technique adds 149.3 Mgal
to the 1985 total in the study area, resulting in an estimated 259.5 Mgal of
irrigation withdrawals.

Recreational

This category of water use is not systematically tracked by the State,
except at State parks, waysides and ski areas. In the study area, there is one
wayside which withdrew an estimated 0.5 Mgal of ground water and one ski area
which withdrew about 1.1 Mgal of surface water for snowmaking.

Rural-Domestic and Livestock

Because the study area does not correspond to any regular political bound-
aries, rural-domestic and livestock water use could not be calculated. As an
indication of their importance in the area, all of Beltrami County withdrew
693.5 Mgal of ground water for rural-domestic purposes in 1985. Beltrami
County also withdrew 87.6 Mgal of ground water and 14.6 Mgal of surface water
for consumption by livestock.

Sewage Treatment

Although several sewage-treatment facilities exist in the study area,
site-specific data were not available in this category. As an indication of
the category’s importance, the six facilities in Beltrami County released an
estimated total of 471 Mgal in 1985,

95



APPENDIX B.--GROUND-WATER-FLOW MODEL

A conceptually-based, ground-water-flow model was developed for this study
to aid in understanding regional flow in the hydrogeologic system and the
hydraulic properties of specific hydrologic units. A computer model developed
by McDonald and Harbaugh (1984) was used to simulate ground-water flow in
three-dimensions. The model solves finite-difference approximations to the
ground-water-flow equation. The equations describe the flow of water through
the aquifers and confining units in relation jo aquifer characteristics and
boundary conditions. A conceptually-based, physical model with simplifying
assumptions about the ground-water system was formulated to aid in the
development of the ground-water-flow model. e conceptual model consists
of a qualitative description of the known chanacteristics and behavior of the
hydrologic system. The major assumptions assqciated with the conceptual and
ground-water-flow models are:

1. The unconfined-drift aquifer and the yppermost till confining unit
(fig. B-1) are represented as a single model layer (layer 1).

2. The uppermost confined-drift aquifer (fig. B-1) is also represented
as a single model layer (model layer 2).

3. Drift below the uppermost confined-drift aquifer (model layer 3) is

simulated as consisting of 100 feet of sand and gravel material and

300 feet of glacial till.

Aquifers and confining units simulated are homogeneous and isotropic.
. The water levels in major-surface water bodies do not fluctuate
significantly with time and are simulated as leaky-river cells.

6. Minor streams and ditches are assumed to be insignificant points of
discharge from the ground-water system and are ignored.

7. Recharge to the water table is from precipitation and can be varied
depending upon the type of surficial material.

8. Leakage to the uppermost confined-drift aquifer is through the
confining unit. The leakage is dependent on vertical hydraulic
conductivity and thickness of confining units.

9. Evapotranspiration is accounted for by using a net value of recharge
(net recharge = recharge - evapotranspiration).

10. Ground water discharge through wells is not returned to the aquifer
system. |

w &~

The modeled area is coincidental with the study area and includes portions
of the Mississippi and Clearwater River basins. The model simulates the uncon-
fined-drift aquifer and surrounding areas that extend to_the subbasin watershed
divides. The active area of the model is about 1,050 miz. The model grid
contains 33 rows and 51 columns (fig. B-2). uniform, mile-square-grid spac-
ing was used. This mile-square-grid is not precise enough to accurately simu-
late locations of individual wells and many streams, lakes, and rivers.

The glacial-drift system was divided into three model layers: layer 1 (the
top layer) represents the surficial-outwash aquifer and the underlying upper-
most confining unit; layer 2 represents the uppermost confined-drift aquifer;
and layer 3 represents the remaining glacial drift below the uppermost con-
fined-drift aquifer (fig. B-1).
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APPENDIX C-WATER-QUALITY DATA

Table C-1.--Water-quality data for wells completed in unconfined-
drift aquifer in areas of agricultural land use
[mg/L, mitligrams per liter; pg/L, micrograms per liter; °C, degrees Celsius; uS/cm, microseimens per

centimeter at 25 degrees Celsius; --, not sampled; <, less than; IT, iterated titration; FET, fixed
endpoint titration; field, value determined at sampling site; lab, value determined in a laboratory]

Temperature, Temperature, Barometric Specific pH pH, tab

Station water air pressure conductance (standard (standard
number Date (&) (°c) (mm of Hg) (uS/cm) units) units)
471408095004300 09-04-87 7.5 19 -- 332 7.6 7.9
472720095121800 08-29-87 7.5 21 .- 451 7.5 7.8
472859094464000 08-26-87 12.5 17 -- 345 7.6 7.7
472907095084100 08-29-87 8.5 20 -- 312 7.8 8.2

10-13-87 -- -- -- 307 8.0 8.3

01-15-88 8.0 -2 -- 295 8.3 --

01-16-88 -- -- -- -- -- 8.1
473057095184000 09-04-87 14.0 19 -- 535 7.3 7.3
473131095160600 08-31-87 11.0 23 -- 555 7.4 7.5
473232095152900 08-31-87 11.5 23 750 360 7.4 7.5
473238094581400 08-26-87 9.5 18 -- 330 7.8 8.2
473318094565300 08-28-87 10.5 21 -- 501 7.6 7.8
473322094525800 08-26-87 8.5 19 -- 208 8.1 8.1
473413094554300 08-26-87 8.0 19 -- 485 7.6 7.5
473423095241800 07-31-87 13.0 30 740 380 7.3 7.6
473547095160800 08-31-87 9.5 22 -- 315 7.3 7.9
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