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FOREWARD

The Garrison Diversion Unit Commission, created "to examine the water needs of
North Dakota and propose development alternatives which will lead to the early
resolution of the problems identified," was implemented by P.L. 98-360, signed
by President Reagan on July 16, 1984. The authorizing statutory language
cites the economic, environmental and international issues and concerns which
have been raised regarding completion of the Garrison Diversion Unit

Project. Mr. James C. Wiley, Director of the Garrison Diversion Unit
Commission staff, requested the U.S. Geological Survey to provide expertise in
hydrology to the Commission members. Based on available information, this
report describes the ground waters and surface waters of North Dakota and,
importantly, the limitations of existing data. This report is aimed at
providing a technical understanding of the water resources of North Dakota as
a basis for decisionmaking with regard to the Garrison Diversion Unit Project
and alternatives to the Project. The discussions of uncertainties with regard
to existing knowledge highlight the complex hydrologic setting of North Dakota
and the lack of reliable information on certain aspects of water resources,
particularly on ground water.

Comments regarding the content of this report are welcome and may be addressed

to the Chief Hydrologist, U.S. Geological Survey, 409 National Center, Reston,
Virginia 22092.

Director, U.S. Geological survey
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EXECUTIVE SUMMARY

This report describes the surface- and ground-water resources of North
Dakota and the limitations of our understanding of these resources. Ground
water and surface water are actually one resource, because they are often
hydraulically interconnected. They are discussed separately for
convenience. In general, the surface-water resources of the mainstem of the
Missouri river are abundant and suitable for most uses. Other rivers may be
important locally as water-supply sources, but the quantities of flow are
small, quite variable in time, and generally of an unsuitable quality for most
uses. Streamflow characteristics of North Dakota reflect its arid to semiarid
climate (annual precipitation varies from 13 to 20 inches from west to east
across the State), cold winters (usually including a significant snowpack
available for spring snowmelt runoff), and the seasonal distribution of annual
precipitation (almost 50 percent falls from May to July).

Significant volumes of shallow ground water, of variable quality are
found in the glacial-drift aquifers in parts of central, northern, and eastern
North Dakota. Existing information provides only a limited capability to
assess the long-term reliability of these scattered aquifers. There are
significant indications, however, of water-quality problems related to
sustained production of wells if long-term utilization of these aquifers is
planned. A summary of the general suitability for use of surface water and
ground water is given in Table E1.

Surface-Water Resources

The accompanying text, summarizes quantitative and qualitative
characteristics of streamflow for the Missouri River and tributaries, and for
each of the major streams of central, eastern, and northern North Dakota--the
James River, the Red River and tributaries, the Souris River, and the Devils
Lake basin surface waters. A summary of daily-flow statistics and dissolved-
solids concentrations at selected streamflow-gaging and water—quality stations
in the State is given in tables E2 and E3.

The Missouri River is the most significant source of surface water in
North Dakota: the mean annual flow at Bismarck of 17,220,000 acre-feet is
more than 80 percent of the total measured mean annual streamflow of the
State. Streamflow cf the Missouri River at Bismarck is equal to or greater
than 11,700 cubic feet per second, 90 percent of the time.

The quality of water in the Missouri River mainstem is equalized by Lakes
Sakakawea and Oahe, behind mainstem dams, and is only minimally affected by
more mineralized water from the intervening tributaries. As indicated by
table E1, Missouri River water is suitable for most uses. In terms of
nitrate-nitrogen and certain key trace constituents, Missouri River water more
than meets the drinking-water standards of the North Dakota State Department
of Health and the U.S. Environmental Protection Agency (interim primary
standards) . .



The rivers in the central, eastern, and northern parts of the State tend
to have relatively flat gradients and, therefore, generally have slow
velocities and are prone to flooding from snowmelt, but have zero or near-zero
flow seasonally or during droughts. Flood potential is lessened in some
locations by flood-control reservoirs, such as Jamestown and Pipestem on the
James River. However, on rivers such as the Red River, there are few
potential sites for the large reservoirs required for flood control or
maintenance of low rlows. The low flows of rivers are enhanced in some
locations by reservoir releases, but there appears to be limited base flow
from ground water during droughts. The Souris River is a very limited source
of supply for extractive uses of water, not only because of the variable
streamflow, but also because the existing storages are dedicated primarily to
wildlife-refuge management.

In much of northern and central North Dakota, the surface drainage is
poorly developed and the river basins include areas replete with thousands of
lakes and wetlands. The interrelationship of these water bodies with rivers
and with aquifers is only partially understood. In the closed Devils Lake
basin, runoff is contained by lakes and wetlands, which fluctuate in response
to seasonal and long-term climatic trends.

The water quality of the tributaries to the Missouri River and the rivers
in the central, eastern, and northern parts of the State varies by river,
season, volume of flow, and location. The lowest mineral concentrations are
found in the Red River, but concentrations of cadmium, lead, mercury, and
selenium in excess of that allowed by drinking-water standards have been
detected at certain water-quality stations on the Red River. Concentrations
of selenium in excess of drinking-water standards also have been detected in
the Souris River.

The surface-water resources of North Dakota consist of complex hydraulic
and hydrologic systems. Because of limitations of our understanding of the
systems, the results of existing hydrolegic studies may be inadequate for
predicting, for example, the water-quality effects of return flow from
irrigation and the effects on streamflow of large-scale pumping of ground
water.

Ground-Water Resources

Glacial-drift aquifers, which may store large quantities of ground water,
have been delineated and are being developed in areas of central, northern,
and eastern North Dakota. These glacial-drift aquifers (fig. 5) are the only
significant source of shallow ground water that is not excessively
mineralized. These aquifers are distributed widely in linear patterns and may
be of limited utility as a long-term supply source. Recharge to some aquifers
is impaired by overlying silt and clay. Withdrawals of ground water may cause
inflow into the glacial-drift aquifers of more mineralized ground water from
the adjacent or underlying sedimentary bedrock, which generally contains large
concentrations of dissolved solids and sodium.



The ground-water systems of North Dakota are even more complex than the
surface-water systems. Quantitative analyses, based on existing information,
may contain uncertainties which limit the capability for (1) predicting the
success of artificial recharge, (2) determining the relationships between
streamflow and aquifers, and (3) predicting the effects of artificial recharge
and of irrigation return flows on the quality of ground water.



TABLE El.--General suitability for use

of surface and ground water

[S = suitable; M = marginal; U = unsuitable]
Aquifer or
basin Public supply Domestic Irrigation
Surface water
Missouri
Main stem S S S
Tributaries M M M to U
James M M M
Red
Main stem S S S
Tributaries S to M S to M S to M
Souris M M M
Devils Lake M S M
Ground water
Glacial drift
Shallow S S S
Deep M S M to U
Bedrock U U U




TABLE E2,~-Summary of daily flow statistics at selected streamflow-gaging stations

Drainage area

Daily discharge

(square miles) Period (cubic feet per second)
Station Station of
number name ota tributing  record “Rean  Median  Maximum  Minimum  90-percent
(water duration
years) value
Missouri River basin:
06330000 Missouri River near 164,500 - 1898-1964 20,180 15,600 180,000 1,320 7,340
Williston
06338490 Hig::ur'i River at Garrison 181,400 - 1970-83 25,380 25,000 65,200 6,000 16,600
06342500 Missouri River at Bismarck 186,400 - 1954-83 23,770 23,400 68,800 4,000 11,700
06337000 Little Missouri River near 8,310 - 1935-82 593 73.1 55,000 0 .32
Watford City
06340500 Knife River at Hazen 2,240 - 2/1929-83 181 31.9 21,800 4] 9.4
06349000 Heart River near Mandan 3,310 - 2/1929.83 268 48.6 28,400 (4] 5
06354000 Cannonball River at Breien 4,100 - 1935-83 254 27 63,100 4} 57
James River basin: .
06468500 James River near Pingree 1,670 680 1954-63 17.1 .02 1,400 0 0
06470000 James River at Jamestown 2,820 1,170 2/1929-53 68.9 2.4 6,170 0 .82
06470000 James River at Jamestown 2,820 1,170 1954.83 60.8 9 5,280 0 4
06470500 James River at LaMoure 4,390 1,790 1951-83 97.5 23 6,420 o 7.2
Red River basin:
05051500 Red River at Wahpeton 4,010 - 1943.83 519 334 8,940 1.7 102
05054000 Red River at Fargo 6,800 - 1902-83 552 281 24,800 [ 32.9
05082500 Red River at Grand Forks 2/26,300 - 1883-1982 2,513 1,240 80,900 1.8 240
05102500 Red River at Emerson 2/36,400 - 1930-83 3,313 1,340 94,400 .9 238
050530000 Wild Rice River near 2,080 1,4%0 1933-83 72 1.5 9,360 0 c
Abercrombie
05057000 Sheyenne River near b/2,670 /1,270 194582 104 20 5,130 0 3.7
Cooperstown
05059000 Sheyenne River near Kindred 1/5,000 073,020 1950-82 196 73.2 4,600 13 33.9
05066500 Goose River at Hillsboro 1,203 1,193 1932-83 68: 5 4.3 14,400 0 .1
05100000 Pembina River at Meche 3,410 - 2/1904.83 192 39.7 9,350 0 1.6
Souris River basin:
05114000 Souris River near Sherwood 8,940 3,040 1931-83 143 7.3 13,700 0 .01
05124000 Souris River near Westhope 16,900 6,600 1931-83 268 25.6 12,400 1] .01
Devils Lake basin:
05056100 Mauvais Coulee near Cando 387 377 1957-82 19.1 .05 2,580 0 1]
05056200 Edmore Coulee near Edmore 382 282 1958-82 13.3 Q1 1,090 0 0
05056400 Big Coulee near Churchs 2,510 1,820 1951.82 40.8 .01 1,400 0 0

Ferry

2/period of record not continuous.

DB/Does not include the closed basin of Devils Lake.



TABLE E3,--Summary of dissolved-solids concentrations, in milligrams

per liter, at selected water-quality stations

Percent of samples in which values were
less than or equal to those shown

Number
of 90 50 10
Basin and station samples (median)
Missouri
Main stem
near Williston ' 162 550 460 300
at Garrison Dam 134 500 430 400
at Bismarck 70 509 435 400
Tributaries
Little Missouri 100 2000 1300 550
River near
Watford City
Knife River at 104 1500 1000 585
Hazen
Heart River near 72 1200 890 458
Mandan .
Cannontall River 122 2100 1200 593
at Breien
James
near Grace City 22 919 450 163
at Jamestown 74 890 510 200
at LaMoure 180 890 542 252
Red
Main stem
at Hickson 62 431 320 240
below Fargo 120 450 330 250
at Grand Forks 204 483 310 230
at Emerson, Manitoba 60 561 375 262
Tributaries
Wild Rice River 181 1200 880 382
near Abercrombie ’
Sheyenne River near 273 720 590 320
Cooperstown
Sheyenne River near 137 632 520 362
Kindred
Goose River at 60 1590 995 418
Hillsboro
Pembina River at 23 596 . 440 214
Neche
Souris
near Sherwood 120 1300 720 340
above® Minot 59 830 520 370
near Verendrye 239 1000 650 380
near Bantry 67 922 620 348
near Westhope 272 1100 630 400
Devils Lake
Mauvais Coulee near 28 Q38 610 294
Cando
Edmore Coulee near 19 640 360 210
Edmore '
Big Coulee near 141 1100 520 292

Churchs Ferry




INTRODUCTION

North Dakota's surface-water resources range from an abundance in Lakes
Sakakawea and Oahe in the west-central part of the State to shortages in other
parts of the State. In addition to Lakes Sakakawea and Oahe, numerous smaller
reservoirs have been constructed in the State. However, because of the lack
of facilities to transport water, even areas a short distance from the large
reservoirs do not make extensive use of the available surface-water
resources. Use of the available resources also is limited by the quality of
the water. The water in many natural lakes and even some reservoirs is too
saline for general use.

Some large, productive aquifers have been delineated in many parts of the
State. However, many are overlain by less permeable materials that retard
rapid recharge. Although large quantities of ground water may be available
from storage, the withdrawals may be accompanied by excessive drawdown in the
well fields and degradation of quality. As is the case with surface-water
resources, use of ground-water resources also is affected by the quality of
the water. In some parts of the State the ground-water reservoirs contain
substantial quantities of water generally not usable because of excessive
salinity. .

The purposes of this report are to provide a technical synopsis of the
ground- and surface-water resources of North Dakota, their interrelations, and
present use, and the current understanding of the hydrologic processes that
affect the resources. The report was compiled at the request of the staff of
the Garrison Diversion Unit Commission, which was established by Public Law
98- 360 in July 1984.

The report addresses all of North Dakota but it emphasizes those areas of
the State that have been part of the Garrison Diversion Project plans.
Information in this report was compiled from currently available publications
and data. The ground- and surface-water resources of North Dakota are )
discussed separately in parts of the report for convenience. However, glacial
drift and near-surface bedrock are commonly connected hydraulically to
surface-water systems. Ground water and surface water are actually one
resource; therefore, development or contamination of one nearly always affects
‘the other.

Physiography and Climate

North Dakota is located in two provinces of the Interior Plains.
Fenneman (1931) defined the boundary between these provinces (fig. 1); the
Great Plains lie to the west and the Central Lowland to the east. The line
that separates these provinces passes through the middle of the State along
the base of the eastern escarpment of the Great Plains.

The drainage patterns in the Great Plains province generally are well
~defined except in the Coteau du Missouri, an area of complex glacial moraines.
Much of this area does not have 1ntegrated drainage and does not contribute
surface runoff to the streams.
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FIGURE 1.~Physiographic divisions of North Dakota. {Modified from Fennemen, 1946, and Clayton, 1962.)



The Central Lowland is a glaciated area; it is covered with glacial till,
fine-grained lake, sediments, and glaciofluvial drift consisting mainly of sand
and gravel deposits. The land slopes slightly to the northeast from about
2,000 feet above sea level along the western border of the lowland, to 800
feet above sea level at the northeast corner of the State. Much of the
drainage is poorly developed and includes closed basins varying from a few
acres to as much as 3,900 square miles in the closed Devils Lake basin.

A major drainage divide transects the State from the northwest corner,
near the eastern edge of the morainal part of the Great Plains, to the center
of the State, then southeast between the James and Sheyenne Rivers. The
southwestern part of the State is drained by the Missouri River, a tributary
of the Mississippi River. The northeastern part is drained by the Red River
of the North (hereafter refered to as Red River) which flows to Hudson Bay.

The average annual precipitation ranges from about 13 inches in the
western part of the State to about 20 inches along the eastern border. The
areal distribution of average annual precipitation based on data for 1931-60
is shown in figure 2. Recent records indicate that data for the years shown
may not provide an accurate representation of the long-term average. However,
more recent data have not yet been compiled. Average annual evaporation
ranges from about 32 inches in the northeast part of the State to about 40
inches in the southwest part of the State (fig. 3).

Precipitation is derived chiefly from airmasses from the Gulf of
Mexico. Most of the summer rainfall is from local thunderstorms. Cold
winters usually result in an accumulation of snow from November or December
through March.

Even though North Dakota has a relatively short growing season and little
precipitation, agriculture is the main industry. This is possible, in part,
because of climatic factors that are described by some statisties provided by
Bavendick (1959, p. 811-812). About 75 percent of the annual precipitation
falls during the crop-growing and freeze-free season, April to September, and
almost 50 percent falls during May, June, and July. The average growing
season is about 120 days. The growing season is comparatively short but
includes more than 15 hours of daylight each day from the middle of May to the
end of July. The prevailing direction of the wind in all months of the year is
from the northwest, unless it is affected by local conditions. Average annual
wind speed is about 11 miles an hour.
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FIGURE 2.—Average annual precipitation in North Dakota (1931-60), in inches. (Data
from National Weather Service.)
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Water-Quality Standards and Criteria

Limitations exist on the surface- and ground-water resources as a result
of water-quality. The suitability of water for various uses is addressed in
this report by comparing measurements of water quality in surface and ground
water with water-quality standards and criteria.

Water—quality standards and criteria have been established for certain
toxic and aesthetically undesirable constituents or properties both by the
U.S. Environmental Protection Agency (EPA) and by the State of North Dakota.
The purpose of these standards and criteria is to protect the users of the
water, including humans and animals, aquatic life, and crops. Water-quality
standards are developed through State and Federal rulemaking procedures and
may be defined as maximum contaminant levels that, if exceeded in a water
source, may be grounds for rejection of the source as a supply of drinking
water or for other uses. In contrast, water-quality criteria do not provide a
legal basis for enforcement, but specify concentrations of constituents which,
if not exceeded, are expected to result in water suitable for the intended
uses.

Water-quality standards and criteria for the major water uses in North
Dakota are listed in table 1. The National Interim Primary Drinking Water
Regulations that specify the maximum permissable level of a contaminant in
water for public supplies, are health related and legally enforceable. If
these concentrations are exceeded or if required monitoring is not performed,
the public must be notified. The National Secondary Drinking Water
Regulations pertain to constituents that affect the aesthetic qualities
related to public acceptance of drinking water. They are guidelines and are
not federally enforceable. Not included in the table are several standards or
criteria for organic, microbiological, or radiological constituents, either
because data concerning these constituents are lacking, or they will not be
considered in this report.

The North Dakota standards in table 1 apply to class I streams. This is
the most stringent classification of streams in North Dakota (North Dakota
State Department of Health, 1977) and is defined as follows: "The quality of
waters in this class shall be such as to permit the propagation and/or life of
resident fish species and shall be suitable for boating, swimming, and other
water recreation. The quality shall be such that after treatment consisting
of coagulation, settling, filtration, and chlorination, or equivalent
treatment processes, the treated water shall meet the bacteriological,
physical, and chemical requirements of the State Health Department for
municipal use. The quality of water shall be such as to permit its use for
irrigation, stock watering, and wildlife use without injurious effects."
Where State standards are more restrictive than Federal standards, the State
standards apply to water in North Dakota.

These standards and criteria will be compared to the water quality of the
ground and surface water of North Dakota. U.S. Environmental Protection
Agency standards will be referred to as "Federal" standards. North Dakota
" State Health Department Class I standards will be referred to as "State"
standards.

12



TABLE 1.--Water-quality standards and criteria

[mg/L, milligrams per liter; ug/L, micrograms per liter]

Standards Criteria
National
interim National
primary secondary North
drinking- drinking- Dakota Freshwater
water water class 1 aquatic Irri-
regulations regulations streams life gation
Constituent Units {(U.S. Environmental (U.S. Environmental (North Dakota (U.S. Environmental (National Academy
Protection Agency, Protection Agency, State Health Protection Agency, of Sciences, 1972)
1982a) 1982b) Department,  1976,1980)3/
1977)
Alkatinity, mg/L - - - >20 -
as CaC0;3
Ammonia, mg/L - - 0.02 .02 -
unionized
as NH3
Arsenic ug/L 50 - 50 440 100
Barium ug/L 1000 - 1000 - -
Beryllium ug/L - - - 5.3 100
Boron ug/L - - 500 - 750
Cadmium ug/L 10 - 10 6.3 10
Chloride mg/L - 250 100 - -
Chlorine, mg/L - - .01 .01 -
residual
Chromium ug/L 50 -- 50 ba 100
Copper ug/L - 1000 50 43 200
Cyanide ug/L - - . 005 .052 -
Dissolved mg/L - 500 - - -
solids
Fluoride mg/L /1.4 - 2.4 - - -- 1000
Iron ug/L - 300 - - 5000
Lead ug/L 50 - 50 400 5000
Manganese ug/L -- 50 - -- 200
Mercury ug/L 2 - 2 .0017 -
Nickel ug/L - - - 3100 200
Nitrate, mg/L 10 - a5 -- --
as N
Oxygen, mg/L - -- >5 >5 -
dissolved
pH standard - 6.5 - 8.5 7 - 8.5 6.5 - 9 --
units
Phosphorus, mg/L - - a/.1 - -
dissolved
as P
Selenium ug/L 10 -- 10 260 20
Silver ug/L 50 - -- 13 -
Sulfate mg/L -- 250 250 - -
Zinc ug/L -- 5000 1000 570 2000

3/Criterion for concentrations that should not be exceeded at any time;
trace-metal criteria are for hard water (hardness greater than 200
milligrams per liter as CaC03).

Db/Hexavalent chromium,

&/Temperature related standard; mimimum 1,4 milligrams per liter when annual
average maximum daily temperatures exceed 26.3 degrees Celsius.

d/standards are intended as guideline limits based on unigue characteristics
for each lake and stream that determine concentrations of these constituents
that cause excessive algal growth (eutrophication). In no case shall the
standard for nitrate as nitrogen exceed 10 milligrams per liter in water
used for drinking-water supply.
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GROUND WATER RESOURCES

North Dakota is underlain by extensive deposits of water-bearing
sedimentary bedrock. The rocks are thickest, about 17,000 feet, in the
Williston Basin. They gradually thin eastward across North Dakota; then
become only a few hundred feet thick, or are totally absent, beneath the Red
River.

Glacial drift overlies the bedrock throughout much of the State, north
and east of the Missouri River. Glacial drift deposits range in thickness
from less than 100 feet in much of this area to more than 400 feet in parts of
the Coteau du Missouri and in a few drift-filled bedrock valleys (Bluemle,
1971) . Southwest of the Missouri River, glacial drift is thin and
discontinuous.

Location and Extent of Aquifers

Bedrock

Bedrock in North Dakota consists of sandstone, siltstone, shale,
limestone, and dolomite (Bluemle and others, no date). Sandstone and
limestone are the principal aquifers and readily yield water to wells. Shale
and siltstone generally are confining beds and do not readily yield water to
wells.

In a regional study of the ground-water resources of the northern Great
Plains, Downey (1984) grouped the bedrock formations into aquifer units and
confining beds. He classified five aquifer units within the bedrock
underlying North Dakota, from deepest to shallowest: (1) Cambrian-Ordovician;
(2) Mississippian (Madison); (3) Pennsylvanian-Permian; (4) Lower Cretaceous;
and (5) Upper Cretaceous and Tertiary. Downey (1984) states that the aquifers
consist of rocks with variable permeability, but that he grouped them because
hydraulic head differences within each unit were much smaller than hydraulic-
head differences between an aquifer and adjacent confining beds. The term
aquifer is used in this part of the report to refer to water yielding
properties; the term makes no implication relative to water quality.

The Cambrian-Ordovician aquifer principally consists of the Deadwood,
Winnipeg, Red River, Stony Mountain, and Interlake (lower part) Formations.
These rocks principally are limestone and dolomite, except for the Deadwood
Formation, which is sandstone and shale. The Mississippian aquifer in the
Madison Limestone principally is limestone and dolomite. The Pennsylvanian
aquifer principally consists of the Minnelusa Formation, which is mostly
sandstone and dolomite. The Lower Cretaceous aquifer is known as the Dakota
aquifer in North Dakota. It consists of the Inyan Kara Group, Skull Creek
Shale, Newcastle or Muddy Sandstone, and Mowry Shale. These formations
principally are sandstones, but they contain considerable interbedded shale.
The Upper Cretaceous and Tertiary aquifer consists of the Fox Hills Sandstone
and Hell Creek Formation (Upper Cretaceous) and the Fort Union Formation,
Golden Valley Formation, and White River Group (Tertiary). All these rocks
have sand and lignite beds interbedded with silt and clay.
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Relative positions, extents, and thicknesses of the five aquifer zones,
and the confining beds separating them, are shown in figure 4. The figure
includes a larger area than North Dakota to put North Dakota's ground-water
resources in perspective with the northern Great Plains regional aquifer
systems as a whole, especially with respect to overall ground water movement
and water quality.

Glacial drift

Glacial drift overlying bedrock in much of North Dakota is perhaps the
most complex system of geologic deposits in the State. The geologic materials
were deposited in a variety of regional and local environments associated with
glacial ice: (1) Water-deposited sand and gravel (outwash) that underlie
areas ranging in size from a few acres to many square miles. These deposits
are in outwash plains, bedrock valley fill, and present river valleys; and (2)
glacial till, an unsorted mixture of clay through boulder size particles,
associated with the melting of stagnant ice.

Glacial till generally is poorly sorted and has minimal permeability.
Therefore, the only glacial drift deposits that are permeable enough to
readily yield water to wells are water-deposited sand and gravel.

A large number of sand and gravel aquifers in the glacial drift have been
delineated through cooperative a Statewide drilling program by the North
Dakota State Water Commission, North Dakota Geological Survey, and U.S.
Geological Survey. The extent of known glacial-drift aquifers in the State
are included in a series of county reports published by the North Dakota State
Water Commission and the North Dakota Geological Survey (fig. 5). In figure 5
surficial aquifers are not distinquished from those buried beneath till and
(or) fine-grained alluvial deposits.

The principal glacial drift aquifers in North Dakota can be divided into
surficial and buried aquifers. Buried aquifers are discussed separately from
surficial aquifers, because they have significantly different hydrologic
properties. The upper surface of a surficial aquifer is the water table,
which is in equilibrium with atmospheric pressure; thus, the surficial aquifer
is unconfined. Buried aquifers, in contrast, generally are confined by a less
permeable overlying deposit and contain water under artesian pressure.

The two types of glacial drift aquifers also are different in the
following ways: (1) Recharge to surficial aquifers principally is from
infiltration of precipitation; whereas, recharge to buried aquifers
principally is from leakage from adjacent rocks; (2) because of the direct
connection to the land surface, surficial aquifers are more easily
contaminated from various land uses, or accidental spills, than are buried
aquifers; (3) surficial aquifers are hydraulically connected to surface water,
such as streams, lakes, and wetlands; therefore, development of ground water,
or use of land over a surficial aquifer, usually has a direct and at times
" rapid effect on contiguous surface water. The presence of a confining bed
over a buried aquifer does not completely isolate surface water from such
aquifers; however the effect generally is less, or is greatly delayed..
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Separation of glacial drift aquifers into surficial aquifers and buried
aquifers is not easily done, because of the complexity of glacial deposits.
This problem is illustrated in figure 6 that shows a geologic section through
the Spiritwood and Galesburg aquifers in Griggs and Steele Counties. Sand and
gravel deposits within the aquifer systems occur both at the surface and
buried beneath fine-grained material. Therefore, the classification of
surficial and buried, is based on the dominant aquifer. The scope of this
report permits discussion of only the major aquifers shown in figure 5. Minor
aquifers shown on this map, as well as the numerous small sand lenses buried
within glacial till deposits, are not considered.

Buried glacial drift aquifers.--Buried glacial drift aquifers are the
most important aquifers in North Dakota and consist of sand and gravel
deposits within drift-filled valleys and buried outwash. Nearly all the
ma jor, buried glacial-drift aquifers occur within drift-filled valleys that
were eroded as much as several hundred feet into bedrock prior to and during
the Pleistocene ice age. In addition, many of the smaller, linear, buried
aquifers shown in figure 5 also occur in bedrock valleys. The major aquifers
of this type are the Spiritwood (A), New Rockford (B), Lake Nettie (C),
McKenzie (D), White Shield (E), and Yellowstone Channel (F).

The deposits within the drift-filled valleys are interbedded and
interfingered layers of gravel, sand, silt, clay, and till. The resulting
complexity of such depositional processes can be seen in a number of geologic
sections through the Spiritwood and nearby aquifers (figs. 6, 7, 8, 9), New
Rockford aquifer (B) (fig. 10), and the Lake Nettie aquifer (C) (fig. 11).
The data in these figures indicate that the aquifers shown in figure 5 vary
greatly in depth and thickness and are not clearly-defined deposits of sand
and gravel. The map (fig. 5) only delineates zones in which there is a
significant probability of locating sand and gravel units. The figures (figs.
6-11) also show that correlation of glacial drift deposits within the buried
valleys is highly uncertain, even if test holes are closely spaced.

Buried outwash aquifers generally are much smaller in extent than are
aquifers within buried drift-filled valleys, Outwash deposits generally
consist of well-sorted sand and gravel; however, silt and clay beds are
comuon. Outwash deposits can be very large, such as the surficial outwash
plain in central Kidder County, but delineation of buried outwash plains
requires extensive test drilling. Examples of buried outwash aquifers are the
MecIntosh aquifer (G) in Logan and McIntosh Counties, and the Maddock aquifer
(H) in Benson County (fig. 5).

Surficial glacial drift aquifers.--Surficial glacial drift aquifers in
North Dakota are of three general types: (1) Outwash plains; (2) alluvium and
terraces along ancestral and present drainage courses; and (3) deltas and
beach ridges associated with Glacial Lake Agassiz.
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FIGURE 9.—-Generalized geologic section (D-D’) showing configuration
of geologic units in Spiritwood (A) aquifer in Benson and
Pierce Counties, North Dakota. (Modified from Randich,
1977.)
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The most prominent surficial outwash deposit in the State is that in
central Kidder County (fig. 5). The outwash is as much as 85 feet thick and
consists principally of stratified layers of sand and gravel, but it also
includes layers of silt and clay. A buried glacial-drift aquifer underlies
and is hydraulically connected to the outwash in places. The buried valley
containing the glacial-drift aquifer is shown in figure 5 as the linear
feature that trends northeast across Kidder County. The total thickness of
outwash and glacial drift in the buried valley is greater than 100 feet in
places.

Alluvium and terraces along ancestral and present drainage courses
contain deposits similar to those in buried valleys; that is, they were
deposited by flowing rivers that continually shifted course, which resulted in
complex deposits of interbedded and interfingered clay, silt, sand, and
gravel. Deposits of this type occur in virtually all existing river valleys.
Most alluvial and terrace deposits are not thick, generally less than 40
feet. They usually are connected hydraulically to contiguous rivers.

Three major deltas were formed in Glacial Lake Agassiz: the Sheyenne
delta (J), Galesburg-Page (K), and Elk Valley (L) aquifers (fig. 5). The
Sheyenne delta underlies about 750 sguare miles, mostly in Richland and Ransom
Counties. The deposit is as much as 200 feet in the western part, and it
thins eastward. The western part of the delta, in Ransom County, has the
coarsest-grained deposits; the deposits become progressively finer- grained
from west to east across the delta.

The Galesburg Page (K) aquifer underlies about 320 square miles in Steele
and Cass Counties (fig. 5). The aquifer is a complex deposit of interbedded
and interfingered clay, silt, and sand, as are other deltaic deposits, but it
is further complicated by having several glacial till units within it (fig.
6). The aquifer actually is covered by till throughout much of the extent,
but it is included in the surficial section of this report because it is a
delta, and because the till cover is thin and discontinuous. Although the
aquifer unit is as much as 400 feet thick, and averages about 200 feet thick,
the average thickness of permeable material is only about 40 feet.

The Elk Valley (L) aquifer underlies about 200 square miles in Grand
Forks County. The deposit is somewhat lenticular, ranging in thickness from a
few feet to about 60 feet; average thickness is about 34 feet. Grain sizes
are largest in the northern part of the deposit; and the material becomes
finer toward the south.

Water movement

Water movement in the four deepest bedrock aquifers-~the Cambrian-
Ordovician, Mississippian (Madison), Pennsylvanian-Permian, and Lower
Cretaceous aquifers—is east-northeast across North Dakota. The rocks are
recharged in mountainous areas of Montana, Wyoming, and South Dakota (fig.
4). In North Dakota water moves through the aquifer systems and, because of
" the very high hydraulic heads in the aquifers, discharges to overlying rock
units, and ultimately to the base of the glacial drift (Downey, 1984). The
hydraulic heads in the deeper bedrock aquifers are particularly high in
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eastern North Dakota. The Lower Cretaceous aquifer discharges upward to
overlying rock units throughout much of its extent in North Dakota (fig. 4).

The Upper Cretaceous and Tertiary bedrock aquifers, as well as glacial
drift aquifers, have a more complex flow system than that in deeper bedrock
units. These upper bedrock systems have a regional component of flow similar
to the deeper units, where they are confined by overlying rocks of minimal
permeability. However, where they are unconfined, ground-water flow is
controlled by recharge and discharge processes at the land surface.

On a regional scale it generally can be assumed that ground water is
recharged at topographic highs and discharged at topographic lows (streams,
lakes, and wetlands) in the glacial drift and the near-suface parts of the
bedrock aquifers. Ground-water discharge maintains the permanence of many
surface-water features. Generally in North Dakota, regional flow systems are
recharged in major morainal areas, such as the Coteau du Missouri and Turtle
Mountain areas north and east of the Missouri River. Southwest of the
Missouri River, where drift is thin and discontinuous, topographically high
areas of bedrock probably are recharge areas. All principal rivers and many
large lakes and wetlands that are topographically low are features of regional
ground-water discharge.

On a local scale, generalizations that were made for regional ground-
water flow may not always apply. Ground water in local flow systems in
terrane such as the Coteau du Missouri generally moves only a short distance
from areas of localized recharge to adjacent low areas, generally occupied by
headwater streams, lakes, or wetlands. In a study of a group of wetlands
within an area of recharge to regional ground-w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>