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INTRODUCTION

STATEMENT OF THE PROBLEM

Ground water in the Fargo/Moorhead area of the Red River Valley has been used
to a significant degree as a source of water since the late 1800s. Since that time, the
level of water in the aquifers in this area has continuously declined. Utilization of the
West Fargo aquifer system (WFAS) has steadily increased through time as the area has
grown, and the growth continues. North Dakota water users of the WFAS are
concerned about the long-term viability of this water supply. As a result, the Southeast
Cass Water Resource District (SCWRD) entered into an agreement with the North
Dakota State Water Commission (SWC) to study the WFAS.

PURPOSE AND SCOPE

The purpose of this study was to:

1) determine how much ground water is available from the West
Fargo Aquifer System; and

2) predict aquifer system response to future ground-water
withdrawals.

Specific objectives of this report were to develop a conceptual model of the WFAS
and a computer model of the WFAS. Aspects of the conceptual model include definition
of aquifer geometry, hydraulic properties, water chemistry, water use and associated
water-level response, ground-water movement, and aquitard hydraulic properties. An
inventory and evaluation of existing data was made.

The evaluation of existing data provided the basis for collection of additional
hydrologic data in the study area. Test holes were completed at various sites using a
Failing 1250 forward mud rotary drilling rig. Lithologic logs of the test holes were made
by describing drill cuttings. Piezometers were constructed at selected sites to measure
water levels and collect water samples for chemical analysis.

The limits of the study area were based on one known (the WFAS general
location), and one unknown (the degree of connection with Minnesota aquifers). The
north, west, and south boundaries of the West Fargo aquifer system seemed to be
relatively well defined as a result of earlier studies. The east boundary was less well
defined. The east boundary appeared to approximately coincide with the North

Dakota/Minnesota border. Additionally there seemed to be significant ground-water



resources in Minnesota, and it was not clear whether there was a hydrologic connection
between those resources in Minnesota and the WFAS. The study area was expanded
toward the east to include the Buffalo aquifer. The study area is shown in figure 1.

During the early part of the study, the conceptual model of the WFAS evolved
significantly from the initial starting conceptual model. As the study continued, the
evolving conceptual model departed further and further from the vision that was the
basis of the initial study design. Parts of the three major aquifer units were not entirely
separate. New sub aquifers were found that connected other parts of the three major
sub aquifers. More sub aquifers were found. Areas within the major aquifers were
found to be poorly or indirectly connected. The result was a highly complex WFAS.

Due to the complexity of the WFAS, it was not considered practical to develop a
computer model of the WFAS within the time and financial constraints of the original
study. As a result, the study was scaled down to develop a conceptual hydrologic model
of the WFAS and provide an estimate of existing ground-water storage and long-term

yield capability of the WFAS.
LOCATION NUMBERING SYSTEM

Wells and test holes presented in this report are numbered according to a
system based on the location in the public land classification of the United States
Bureau of Land Management (figure 2}. The first numeral denotes the township north
of a base line, the second numeral denotes the range west of the fifth principal
meridian, and the third numeral denotes the section in which the well is located.
Letters A, B, C, and D designate, respectively, the northeast, northwest, southwest, and
southeast quarter section, quarter-quarter section, and quarter-quarter-quarter section
(10-acre tract). For example, well 139-049-04ADD is located in the SE 1/4 of the SE
1/4 of the NE 1/4 of Section 4, Township 139 North, Range 49 West (figure 2).
Consecutive terminal numerals are added if more than one well is located in a 10-acre
tract.

The wells in some areas are more accurately located. In this study each 10-acre
area was further divided into 2.5-, or 0.625-, or 0.15625-acre areas (particularly in
Minnesota) in the same manner described above. Thus, well 139-049-06DBADC is
located in the SW 1/4 of the SE 1/4 of the NE 1/4 of the NW 1/4 of the SE 1/4 of
Section 6, Township 139 North, Range 49 West.
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DESCRIPTION OF THE STUDY AREA

LOCATION

Most of the WFAS is located in the eastern 40 percent of Cass County (figure 1).
Cass County is located along the eastern edge of North Dakota, south of the middle of



the eastern margin of the state. The study area includes the eastern 40 percent of Cass
County, as well as the western third of Clay County in Minnesota. The western third of
Clay County was incorporated into the WFAS study area, because the WFAS was known
to occur very close to the Minnesota state line, and there were known aquifers in
Minnesota that might interact with the WFAS. Additionally, the study area includes
small portions of Norman and Wilkin counties in Minnesota, and Richland County in
North Dakota.

The study area is located in the Red River valley. Glacial Lake Agassiz once
occupied the area, and as a result, the landscape is flat and nearly featureless with a
very gentle slope towards the north. Only the occasional streams and drainage that
dissect the former lake bottom break the extreme flatness. The one slightly significant
topographic feature is the riverbed of the Red River.

POPULATION AND GROWTH

The major communities in the area are the cities of Fargo, North Dakota, and
Moorhead, Minnesota. These two cities lie along the banks of the Red River, which
separates the two states. Significant settlement of the area began in the late 1800s,
about the time that the railroad arrived in the area in 1871 (Moorhead) and 1872
(Fargo). The area has continued to grow through the years, and in 1997 the population
of Cass and Clay counties combined is estimated to be about 167,000. The area is
growing at an estimated rate of about 1 percent annually. The growth is not only
occurring in Fargo and Moorhead, but in other smaller cities in the area like West
Fargo, and Dilworth as well. Additionally, many small communities are growing or have
recently been developed, and much semi-rural development is occurring in areas that
were formerly farmland.

Water supplies for the population in the area historically have been provided
from both surface water and ground water. Going back to the 1870s, wells were
installed in the area to provide water for individual homes and farmsteads. Later some
small city supplies and some small industries began to use ground water as a water
supply. Water companies also provided ground water as a drinking water supply. As
the farming community developed, ground water was the source of water supply for
farmsteads and farming operations. With the advent of suburban housing
developments in the Fargo/Moorhead area, ground water has been the main source of
water supply in the form of either rural water connections, or individual wells.

The two big cities (Moorhead and Fargo) in the study area have used significant
amounts of surface water for their supplies. Moorhead has used the Red River as a

source of their water supply at least since 1878. However, there have been times when



the river was only part or none of the city’s water supply. Up to 1909 the Moorhead
supply came predominantly from the Red River. From 1910 to 1918 Moorhead’s water
supply was a combination of surface and ground water. From 1919 to 1960 Moorhead
used only ground water as a source for their municipal supply. Moorhead has used a
combination of ground water and surface water since 1961. The Red River also has
been a source of water for Fargo since at least 1890. For 11 of the 15 years during the
time period from 1938 to 1952, Fargo augmented their surface water supply from the
Red River with ground water.

WATER RESOURCE CHARACTERISTICS OF AQUIFER UNITS
IN THE WEST FARGO AQUIFER SYSTEM

GENERAL HISTORY

GEOLOGIC

Beneath the Fargo-Moorhead area at the base of the bedrock and glacial debris
that has been deposited in the area over millions of years are the Precambrian
crystalline or granitic rocks. They have been encountered in the study area through
drilling at depths ranging from 132 to 512 feet. One test hole drilled in 1888 and/or
1889 in Clay County encountered the Precambrian material from 365 feet to 1901 feet.
When the Precambrian surface (weathered or not) is encountered, there is little chance
for significant quantities of water.

In some areas the sediments lying immediately above the Precambrian
crystalline or granitic rocks are Cretaceous shale and sandstone formations. The
Cretaceous rocks are generally of two types. The most common Cretaceous formation is
the Graneros Shale. The Graneros Shale is not a source of water. Another less
commonly occurring Cretaceous formation is the Dakota Sandstone. When present, the
Dakota Sandstone is usually thin, and is seldom a source of ground water in the study
area.

These Cretaceous sediments were deposited by seas that invaded the weathered
Precambrian surface. Because the land surface had previously been exposed to erosion
and weathering, the surface was irregular, and the subsequent Cretaceous sediment
was irregularly deposited on top of the Precambrian rocks. The Cretaceous seas
eventually receded, and the land surface was again weathered and eroded. This
process continued from the end of the Cretaceous time period until the onset of the
earliest glaciation.

Once glaciation started to occur in this area, surface features and shallow

sediments have been repeatedly rearranged. There have been at least four periods of



major glacial activity in the area, and each of those major periods have had repetitive
advances of the front of the glaciers associated with them. With each advance came a
partial destruction of what was deposited earlier. Additionally, with each subsequent
retreat of the glacier front there occurred yet another rearrangement of earlier glacial
deposits, and an additional depositional phase of more glacial sediment as the glaciers
melted.

The main point of this brief geologic history is that the spatial distribution of the
glacial sediments (approximately 200 to 400+ feet thick) is extremely complex. It is
within these sediments that the West Fargo Aquifer System is found. There is a
tremendous amount of subsurface information available in some parts of this study
area, and as a result some aspects of the system are well documented. In spite of this
density of data, however, and because of the incredible degree of variability of the
glacial sediments, some of the interpretations presented are based on estimates and

conjecture.

WATER USE

The aboriginal people in the area had surely been using surface water for
thousands of years, and may have been using very minor amounts of shallow ground
water as well. The use was minimal in comparison to the relative size of the resource,
because there were no significant settlements of people and the per capita use was
small. Late in the 1800s, the area began to experience settlements that were of a
sufficient size, such that public water supplies were developed.

The earliest record involving municipal water for Fargo is the test drilling that
was done in 1872 in Island Park. The test drilling resulted in the installation of a city
well in Island Park. This well was not adequately productive for the city's use. Several
privately drilled wells at the southwest edge of the settlement (an area between 2nd and
8th Av. S, and 15th and 21st St W), were able to produce water for the community that
was delivered door-to-door by tank wagons. Around 1890 a system of distribution
mains were put in for fire protection and sanitary purposes. In 1912 a rapid-sand
filtration plant was built, and surface water from the Red River has been the primary
water source for the city of Fargo since then. The only exception is during the drought
years that occurred in the 1930s, 1940s, and the early 1950s, when the Fargo aquifer
was used to augment the city surface-water supply.

Early records for Moorhead show that their supply was obtained solely from the
Red River from 1878 to 1910. In 1910 the first Moorhead municipal well was installed
in what is now known as the West Moorhead aquifer. Two additional wells were drilled
in that same aquifer in 1913 and 1916. From 1910 until 1918, Moorhead used both
surface water and ground water. From 1919 until 1927 the total water supply for



Moorhead was derived from the West Moorhead aquifer. In 1927 the Moorhead water
supply was augmented with water supplied from the East Moorhead aquifer. From
1927 until 1948 these two aquifers provided all of Moorhead's water supply. In 1948
the city began to use the Buffalo aquifer, and soon after that, stopped using the West
Moorhead aquifer. In 1960 a new water treatment plant was installed. This plant could
utilize Red River water as well as ground water. Since 1961 Moorhead has used a
combination of surface water from the Red River with ground water from the East
Moorhead and Buffalo aquifers.

Other communities in the area began changing from individual supply wells and
house-by-house water delivery, to central supply systems during the time from the early
1900s (Dilworth, 1907) through the 1930s (West Fargo, 1937). Dilworth's supply came
from what is now known as the West Dilworth aquifer, and West Fargo's supply from
what is now known as the West Fargo North (WFN) aquifer.

Industrial ground-water use increased through this same time period (Moorhead
Laundry, 1906; Fairmont Creamery, 1923; Union Stockyards, 1936). The Moorhead
Laundry water supply may have been derived from the West Moorhead aquifer, or it
might have been an isolated unit that lies between the Fargo and West Moorhead
aquifers. The Fairmont Creamery water supply was derived from the West Moorhead
aquifer, and the Union Stockyard supply came from the WFN aquifer.

Additional industrial use after the 1930s derived water primarily from existing
municipal water supplies, with the exception of a few industries in the West Fargo area,
and Cass Clay Creamery in Fargo. The beef processing plant in West Fargo that has
had several names in the last 35 years has used ground water from the WFN aquifer
since the early 1960s. The Cargill sunflower processing plant has also used the WFN
aquifer since 1979. The Cass Clay Creamery plant has used the Fargo aquifer since
1956, although city water was used additionally until about 1983, when the primary
water source for the plant became the Fargo aquifer.

In the 1970s and 1980s significant changes in municipal water use patterns
occurred as a result of the increase in the area's urban population and as a result of the
shift of that population. Particularly on the North Dakota side, and to a lesser degree
on the Minnesota side of the study area, there has been the development of clusters of
small communities, and numerous large-acre-tracts of single dwelling properties out a
small distance from the Fargo/Moorhead hub. On both sides of the Red River this has
resulted in many individual domestic wells being installed into various distinct and
indistinct lenses of sand and gravel. Some of these are part of an identifiable aquifer
unit, and some are not.

Of more interest volumetrically is the increase in both the number and the

annual use of the municipal water supplies that occur to a much greater degree in



North Dakota, and the rural water supply provided by Cass Rural Water Users, Inc.
(CWRU) in North Dakota. There is no counterpart to CWRU in Minnesota.

Most of the small municipal supplies in the area have originated within the last
20 years, and several of the municipal supplies that do predate the 1970s, have grown
significantly in the last 20 years. Most of the wells associated with these community
ground-water supplies are wells that have been installed into some of the same various
distinct and indistinct lenses of sand and gravel referred to earlier. Some of these sand
and gravel units are part of an identifiable aquifer unit, and some are not.

Those communities in the North Dakota portion of the study area that are not
self-supplied rely on CRWU for their water. Additionally, numerous individual homes
and farmsteads are supplied by CRWU. CRWU utilizes three water sources for its
ground-water supply: namely the Page, the Sheyenne Delta, and the West Fargo South
(WFS) aquifers. Their distribution area is larger than the study area, and for all intents
and purposes, most of the water that they supply to users within the study area is
provided from the WFS aquifer. The utilization of the WFS well field began in 1976.

Another significant change in the water use pattern began in 1983 when the city
of West Fargo derived a part of its ground water from the WFS aquifer. In 1982 and
before, 100 percent of its water use was derived from the WFN aquifer. Since 1984 the
city of West Fargo has derived between 30 and 55 percent of its water from the WFN

aquifer, and the remainder from the WFS aquifer.
DISCUSSION OF AQUIFER UNITS

OVERVIEW

The locations of the WFAS aquifer units are shown in figure 3. For the purposes
of this report, the aquifer units comprising the WFAS that will be discussed are the
West Fargo North, the Fargo, the Nodak, the Prosper, the 94/10, the Horace, the
Ponderosa, the West Pleasant, and the West Fargo South. Some of these aquifer units
underlie tens of square miles, and have been used extensively as a source of ground
water. Other aquifer units are quite small, and are minimally used as a source of
water, if at all. Some times the differentiation between units is distinct and clear, and
some times the differentiation between units is not distinct. The main reason for
inclusion of the small aquifer units in this discussion is that they appear to be
connected to the larger units to some degree.

There are additional bodies of sand and gravel in the area that will not be
considered in the discussion because they appeared to be small, and/or were not
significantly related to the WFAS. Figure 4 shows the location of about 25 possible

aquifer units that will not be described in detail. Some of these aquifer units are only a
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square mile or less in area. The most significant aquifer unit in the area that is not
related to the West Fargo aquifer system is the Buffalo aquifer. It stretches over 30
miles in a north-south direction, and the western margin of the aquifer is usually found
3 to 7 miles east of the Red River. Of the sand and gravel bodies depicted in figure 4,
only the East and West Moorhead aquifers (seen in the north part of Moorhead) will be
discussed in relation to the WFAS.

As each aquifer unit is discussed, the data associated with that area will be
evaluated. A variety of different kinds of data will be evaluated to help describe the size,
areal extent, aquifer properties, chemical characteristics, historical utilization, water-
level response, and interconnectivity of the unit within the aquifer system. In the
different areas the amount and nature of the available data varies widely. This can
make some interpretations difficult. An example would be a situation where the
analysis of the only available set of parameters (water levels, for instance) would show a
possible relationship between sub aquifers, but no other data is available to additionally
support such an interpretation.

Besides the large variations in the amount and nature of the available data, the
interpretations of the available ground-water data within an area can vary. The
evidence interpreted from existing data can be vague or unclear. In some instances,
different parts of the data can even lead to contradictory interpretations. For example,
an analysis of the water quality of samples taken from of a set of wells in one area
might show striking similarity, whereas an analysis of the water levels of wells from the
same area would show very little similarity, or vice versa.

The discussion will start with the West Fargo North aquifer unit, which has been
the most extensively utilized aquifer of any of the aquifer units in the area. This will be
followed by a discussion of the Fargo aquifer unit that has been used for the longest
time period. The discussion will proceed generally from north to south. The alphabetic
order of the geologic sections shown on figure 5 shows the order in which the aquifer
units will be discussed in the following descriptions.

Each aquifer unit discussed in the West Fargo aquifer system will be referred to
as an aquifer. In reality each of these aquifers is a relatively discreet aquifer response

unit (i. e. an aquifer area with similar water-level fluctuations).

WEST FARGO NORTH AQUIFER
Aquifer size and location

The West Fargo North (WFN) aquifer is one of the larger units of the WFAS as
shown in figure 6. The aquifer boundary at the north end of WFN aquifer is unknown,
and may extend further to the north than indicated by the aquifer boundary line. The
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remainder of the boundaries on the east, south, and west are based on a combination of
water-chemistry, water-level, and lithologic-description data.

Along the southeast boundary of the WFN aquifer there are a series of significant
differences between water levels (especially historically) in the wells located in the WFN
aquifer and the water levels in the wells of the Nodak and West Fargo South (WFS)
aquifers. Water chemistry differences also help support the evidence that points to a
fairly well defined boundary on the southeast side of the WFN aquifer.

The southern boundary of the WFN aquifer is not well defined. Limited water-
level and water-quality information exists in sections 17, 18, 19, and 20 of Barnes
Township (T139N, R49W). The boundary in that area is drawn on the basis of the
limited number of lithologic descriptions with very little other supporting information.

The southern part of the west boundary of the WFN is fairly well defined because
of the water-level differences between wells in the WFN aquifer, and those wells whose
well screens are located in isolated sand and gravel units or in other aquifers like the
94/10 aquifer unit. The water levels are lower in the WFN aquifer. In addition the
94/10 aquifer generally has water with higher chloride and lower sulfate concentrations
than does the water of the WFN aquifer.

From this area on the west side of West Fargo, to the area west of Harwood (all
along the west side of Reed Township), the limits of the WFN aquifer are primarily
determined by analysis of the lithologic logs available. Some wells that occur near, but
outside of, the west edge of the WFN aquifer have water levels that are higher than the
water levels observed in the wells with screens located in the WFN aquifer. This
indicates that those wells are not part of the WFN aquifer.

North of Harwood, in T141N, R49W (Harwood Township), there is one area that
shows a deviation from the general northward trend of the western margin of the WFN
aquifer. Along the north edge of section 30 of Harwood Township there are two wells for
which water chemistry, and lithologic logs are similar to those of the WFN aquifer. The
water levels are a little higher than expected, but they are close enough that the
hydraulic gradient is about 7.5 feet per mile. This indicates a connection that is less
than normal (2 to 5 feet per mile is the expected range of hydraulic gradient valﬁes), but
the connection is good enough to still be considered a part of the WFN aquifer. The
boundaries of this resulting irregular bulge to the west are not well documented, but
this area will be considered part of the WFN aquifer in this study.

In the northern part of Harwood Township and in the southern part of Wiser
Township (T142N, R49W) there are a few test holes with lithologic descriptions that
indicate that there are no sand and gravel intervals at those locations. The delineation
of the northern portion of the western margin of the WFN aquifer is based on those

lithologic descriptions.
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Eighty-eight test holes and wells located in the WFN aquifer were investigated.
Of these, 12 did not have a lithologic log. The descriptions of the remainder showed
that the material in this aquifer is comprised predominantly of sand and gravel. The
texture of the sand ranges from fine to coarse, and is more commonly medium to
coarse, often grading into gravel, particularly with depth. The degree of sorting of the
sand is usually described as being fairly well sorted, although the sand is sometimes
described as being poorly sorted and not as permeable.

Based on lithologic logs for 66 test holes and wells, the average thickness of the
WFN agquifer is estimated at 72 feet. Sand lenses above and below some parts of the
main channel of the WFN aquifer are described in about 20 percent of the logs. These
lenses that are probably connected to the aquifer add an average of about 7 feet of
aquifer thickness, resulting in an average thickness of about 79 feet for the WFN
aquifer.

The top of the aquifer is usually encountered at an average depth of about 120
feet, with the highest and lowest values being 77 and 180 feet below land surface. The
bottom of the aquifer is encountered at an average depth of 192 feet below land surface,
with the minimum and maximum values ranging from 131 to 281 feet below land
surface.

Figure 7 shows a geologic section (A-A) located at the north end of the WFN
aquifer. Figure 7 shows two presentations of the same geologic section. The bottom,
wider geologic section has no vertical exaggeration. The vertical and horizontal scales
are the same. The top, thinner geologic section has a vertical exaggeration of 105.6
times. The vertical scale is enlarged by 10.56 times, and the horizontal scale is smaller
by 10 times. This results in a vertical exaggeration of 105.6 times. With one exception,
all of the remaining geologic sections in this report will be on the same scale as the
geologic section on the top of figure 7.

Using the same vertical exaggeration of the top geologic section in figure 7, figure
8 shows a generally north-south cross section of the WFN aquifer along B-B'. This
geologic section shows the highly irregular nature of the aquifer top, bottom, and
thickness. This geologic section also shows the highly variable nature of the aquifer
within a small distance in sections 16 and 22 (T141N, R49W).

Geologic section C-C' also shows the irregularity of the aquifer top, bottom, and
thickness (figure 9). Notice that on the right side of the geologic section two test holes
(140-049-34BBB and 140-049-34ABB2) show similar sand and gravel thickness and
elevation. While the two easternmost observation wells in this geologic section show a
similar aquifer interval, the water-level difference between these two sites has
historically been 8 to 10 feet. This is a hydraulic gradient of about 16 to 20 feet per
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mile, and indicates that the two observation wells are not completed in the same
aquifer.

Based upon the boundaries shown in figure 6, the areal extent of the aquifer is
approximately 27 square miles. There are portions of the aquifer that have little data,
or conflicting data which means that the aquifer could be considered to be larger or
smaller, depending on which way an interpretation might change. The interpretation in
places shows a well-defined aquifer boundary. In other places, the boundary between
the WFN aquifer and an adjacent aquifer is indistinct and poorly defined.

The approximate volume of the water-bearing sands and gravels of the WFN
aquifer is computed by multiplying the average thickness of the aquifer by the areal
extent of the aquifer, which amounts to about 59 billion cubic feet. A discussion later
in the report will talk about the relationship between the volume of the aquifer, and the
amount of water stored in this aquifer volume.

Two aquifer or pumping tests have been conducted using two large-capacity
wells completed in the WFN aquifer. The first test was conducted in November of 1963,
using the Riverside production well that was located at 139-049-06DCD1. This well is
currently described as West Fargo city well #8, and was installed in October, 1963. The
production well was pumped continuously for 36 hours at a rate of 500 gallons per
minute. Calculated transmissivity values derived from the pumping test data ranged
from 7,500 to 43,000 feet squared per day. Lindvig (1964) indicates a transmissivity of
10,000 feet squared per day and a storage coefficient of 0.0007 are conservative
estimates of these aquifer parameters in the test area.

The second test was run in June of 1972 on a new West Fargo municipal well
located at 139-049-09BBA (city well #5). The municipal well was pumped continuously
for 100 hours at a rate of 500 gallons per minute. Calculated transmissivities ranged
from 5,900 to 16,000 feet squared per day with the residual drawdown analysis giving
the lowest transmissivity values and the distance-drawdown analysis giving the largest
values. Schmid (1972) indicates a transmissivity of 10,000 feet squared per day, and a
storage coefficient of 0.07 are reasonable estimates of these aquifer parameters in the
test area. Using the closest observation well (#1) he estimated the storage coefficient to
be about 0.20.

These variations in the above calculated aquifer parameters are to be expected
when the physical setting of the aquifer is so complex. Many of the assumptions
inherent in the equations used to solve for the aquifer parameters are not met. Due to
the irregular top of the aquifer, part of the drawdown cones developed during the two
tests may have dropped below the top of the aquifer, and parts of the drawdown cones
may have remained above the top of the aquifer causing spatial variability in storativity.

In addition, no evaluation was made on the nearby barrier boundaries to the south and
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east. Varying boundary conditions can also impact the results of a pump or aquifer

test. As a result, the above calculated aquifer parameters should be used with caution.

Aquifer water use and water-level history

It is likely that water was first used from the West Fargo North aquifer when the
first well was installed into that aquifer sometime in the 1800s. Quite likely it was
drilled for a farmstead overlying the WFN aquifer. Indications are that the water levels
in the early wells were above land surface. As additional wells were drilled into the
aquifer, the amount of water being removed increased, and the water levels began to
decline and approximate land surface. Dennis et al (1949) reported that by 1885,
“....many of the wells did not flow, although the water levels were, for the most part, at
or very near the land surface.”

Besides WFN aquifer water use from farmstead wells, it is possible that the WFN
aquifer was utilized as a source of drinking water for households in nearby
communities. Byers et al (1946) reported that the population of Fargo rose from 2,693
to 5,664, and that the water was taken directly from the Red River during the time
period from 1880 to 1890. They also reported that during this time period water was
still sold door-to-door for human consumption. Most of the water that was sold door-
to-door was derived from wells. It is possible that some of the wells that supplied this
'door-to-door’' water may have been located in the WFN aquifer.

Just after the turn of the century, Hall (1905) reported that “....all water, save
only that caught upon the roofs of buildings, and stored in cisterns (an amount barely
sufficient for strictly household purposes), must be obtained from wells.” The water
levels at that time that are tabulated in his 1905 report show that at the north end of
the WFN aquifer a few wells still flowed, but that at the south end of the WFN aquifer,
water levels were 5 to 8 feet below land surface. These 'lowered' (presumably) water
levels in the WFN aquifer are very likely due to withdrawals from individual wells.

However, the lowered water levels in the WFN aquifer could also be partially due
to the heavier utilization of wells to the east. These would be wells that were not
completed in the WFN aquifer. Hall reports one well in the northeast of section 2 (139-
49) with a water level that is 68 feet below land surface. These lower water levels that
are found in the partially connected aquifers to the east could have caused leakage of
water from the WFN aquifer (with higher water levels) to the more heavily used aquifers
to the east (with lower water levels). This would result in declining water levels in the
WFN agquifer, without any water being diverted directly from wells in the WFN aquifer.

Dennis et al (1949) refers to the time period of 1885 to 1910 as a time period
where, “there was no great lowering of water levels in the area”. The earliest recorded

significant water use derived from wells in the study area is the diversion made from the
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Moorhead West aquifer by the city of Moorhead beginning in 1910. This diversion
lowered the water level significantly in the Moorhead West aquifer, and appears to have
lowered the water levels in the Fargo, and the Moorhead East aquifers through indirect
connections.

It is conceivable that this lowering of the water levels in the Fargo aquifer could
have resulted in some lowering of the water levels in the WFN aquifer (through slow
leakage over many years). The 1937 water levels measured in section 6 (T139N-R49W)
were 10 to 25 feet below land surface, showing that it is likely that water levels in the
WFN had declined significantly from 1905 to 1937, even though there was not
significant water use from the WFN aquifer until 1936.

In 1936, the stockyards in West Fargo began to use the WFN aquifer as their
water supply. The following year the city of West Fargo (then known as the city of
Southwest Fargo) also began using the WFN aquifer. Mr. C. J. Ferch drilled two wells in
1937 and by 1938 his distribution system provided water for 74 establishments in West
Fargo. Estimates of water use made by Dennis and others (1949) show that West
Fargo's annual diversion grew from about 500,000 gallons in 1937 to about 2,600,000
gallons in 1947. Starting in 1936, the Union Stockyards Co. use of water from the WFN
aquifer increased from 26 million gallons (Mg) to 220.3 Mg in 1947. These water use
figures were determined by using the electric power consumed to estimate total water
use.

No WFN aquifer water-use records have been found for the time period 1948 to
1965. This is unfortunate, because in the time period between 1948 and 1965 there
are some significant variations in the water levels that were measured in observation
well 139-049-06ADB (see figure 10). Early in the 1948-65 time period water levels
declined at a significant rate in the vicinity of observation well 139-049-06ADB (about 8
ft/yr). Later, during a four-year time period from 1958 through 1961, the water level
declined at a rate of about 6 ft/yr. However, during this same 1948-65 time period
there were two shorter time periods in which the water level was rising (1949-52 and
1956-57). If there were reasonably reliable water-use data available for this time
period, that data would provide additional insight as to how big the WFN aquifer is, and
how it responds to different stresses.

A summary of the available WFN water-use data is presented in Table 51 on
pages C230-1 in Volume C of the data report for this study. Since the publication of
the data report, an error of omission has been noted. At one time, water permit #1103
had been issued for the City of Riverside. Subsequently, this permit has been assigned
to the City of West Fargo. Because the Riverside permit had been enveloped by West
Fargo, water use associated with the Riverside well was not listed in Table C, “Municipal

ground-water use in the ND portion of the study area, not including Fargo & West
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Fargo”. However, the use associated with the Riverside well also was not included in
West Fargo's use listed neither in Table 5F, nor in summation for the WFN aquifer
found in Table 5I. This is not a significant omission in most years (use generally varied
from O to 23 Mg). However, from 1990 to 1992 the quantity of water pumped from the
Riverside well ranged from 54 to 99 million gallons per year (Mg/y). The data missing
from the water use tables is included in figure 11.

Figure 11 shows a bar chart of annual water use from the WFN aquifer. Water
use generally increased from 1936 until 1974. A generally decreasing trend follows
from 1975 until 1987. After a large increase in 1988 (from about 350 Mg the year
before to over 600 Mg), annual water use from the WFN aquifer has settled into a fairly
stable range of annual volume of water consumption of about 450 to 550 Mg.

The two figures (10 and 11) show a fair degree of similarity between water use
and water levels for the time periods 1936 to 1947 and 1965 to about 1982. However, a
divergence began in 1983. For four straight years from 1984 to and including 1987, the
average annual water consumption was less than the average annual use for the three-
year time period from 1977 to 1979. And yet the rise in water levels observed in the
hydrograph in figure 10 for the 1977-79 time period does not appear in the 1984-87
time period. In the same way, the steady decline in water consumption observed in
figure 11 from 1988-93 is not noticeable in the water levels in figure 10. One possible
explanation for this lessening relationship between water use, and water levels as
observed in 139-049-06ADB is that significant water-level changes occurred in an
adjacent aquifer that is hydraulically connected to the WFN aquifer.

It was in 1983 that the city of West Fargo began to obtain a part of their water
supply from the West Fargo South (WFS) aquifer. That is, in fact, why WFN water
consumption was lower beginning in 1983. Before this utilization of the WFS aquifer,
water levels in the WFS aquifer were about 60 to 70 feet higher than the water levels in
the WFN aquifer. By 1987 the water levels at the north end of the WFS aquifer were
only about 10 to 15 feet higher than the water levels at the south end of the WFN
aquifer. This significant change in the water level of the WFS aquifer very likely has
significantly reduced the movement of ground water from the WFS aquifer to the WFN
aquifer, and consequently has lessened the water-level increase that had been
previously observed after a time of prolonged lesser water consumption.

Figure 12 shows the locations of the high yield wells that have produced
significant quantities of water from the WFN aquifer, and the locations of observation
wells whose water levels have been measured. Most of the production wells are located
in the southernmost portion of the WFN aquifer, and only the Harwood wells are

outside of that southern area. The city of Harwood generally uses only 3 to 6 percent of
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the total amount of water withdrawn from the WFN aquifer, so 94 to 97 percent comes
from the southern area.

Figure 13 displays at least one hydrograph for each of the eight sites depicted in
figure 12. One site, 140-049-19DDD, has had three different observation wells (3a, 3b,
and 3c) measured for water levels, hence there are three lines all representing the same
site. The southernmost site shown in figure 12 is the observation well 139-049-06ADB
(#1). This well produced the water levels for the hydrograph shown in figure 10, and
the later years {1961-1995) of that hydrograph produce the lowest curve shown in
figure 13. Each succeeding upward curve on figure 13, is represented by the next site
north indicated on figure 12 with the one exception mentioned for site #3, which has
three curves representing the one site. The vertical scale is also different for figure 13
than it is for figure 10.

Figure 13 shows a fairly similar pattern for all of the hydrographs. There are,
however, a couple of significance differences. The first is that the lengths of record for
the wells are different. Only three sites have water-level records measured in the
1960s. Five sites have records that start in 1981 or 82, and the water-level
measurements for one site begin in 1991.

The second significant difference is that beginning with the southernmost
observation well (#1), each well to the north has a hydrograph characterized by more
subdued water-level fluctuations. The water-level elevation in well #1, for instance,
dropped 3.8 feet in the two-year span from early 1988 to the end of 1989. During this
same time period water-level changes for #2 through #8 (skipping #4 which didn't exist
at that time) were 2.1, 1.7, 1.5, 1.4, 1.3, and 1.2 feet, respectively.

Notice that under the lesser water usage during the time period 1977 up
through 1987 (averaging about 470 Mg/y) the water level for #2 remained at an
elevation of about 781 to 782, and that #1 remained near 777 for that same period.
Notice, additionally however, that the other wells in figure 13 all showed declines for the
same time period. Closer to the center of the cone of depression created by the
production wells (shown in figure 12), the water levels were stabilizing, but further out
the cone was still subsiding. Before enough time had passed to reach a broader
stability, the aquifer use was increased. Thus it is not known if an equilibrium would
have been reached at that pumping volume. It is not known that an equilibrium would
have been reached, but it is probably unlikely.

An additional perspective can be gained from figure 13 by comparing an
additional variable, namely distance. Figure 14 shows only 15 years of the water-level
record. However, figure 14 also shows the map distance between the wells, and the

computed hydraulic gradient between each two consecutive wells. The hydraulic
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gradient is the water-level difference in feet between two wells expressed as a gradient
in feet per mile.

If the properties of the WFN aquifer are the same throughout the different parts
of the aquifer, the hydraulic gradient should stay reasonably consistent. The hydraulic
gradient of 5.3 feet/mile between curves 7 and 8 (see figure 14) is misleading, because
there is a minor pumping center between the two wells represented by the curves. The
pumping center is the city of Harwood's well field, that results in a small cone of
depression that is between 140-049-05BBA and 139-049-28BBB. This small cone of
depression distorts the larger cone of depression caused by the 10 production wells at
the south end of the West Fargo North aquifer.

With this exception, the remaining segments of the WFN aquifer represented on
figure 14 should have fairly consistent hydraulic gradients. This is not so. There is
over a four-fold difference in the hydraulic gradients. The most likely reason for this is
that there is an approximately four-fold variation in the values of transmissivity for the
WFN aquifer. If other variables are relatively uniform, the ability of the aquifer to
transmit water is about four times better in some reaches of the aquifer than in others.
The variation in transmissivity may be due to differences in aquifer texture (grain size
and particle sorting) and/or aquifer cross-sectional area.

Over the last 35 years observation well 139-049-06ADB has shown about 1.1
feet per year of water-level decline. Over the last 15 years the decline has averaged
about 0.5 feet per year and over the last seven years it has also averaged about 0.5 feet
per year, although most of that occurred in 1989 and 1990. From 1991 to 1995 the
average annual water-level decline has been about 0.2 feet per year. At the north end of
the WFN aquifer, observation well 141-049-03CCC has shown about 0.3 feet per year of
water-level decline. For the last seven years the site has averaged about 0.2 feet per

year of water-level decline.

Aquifer water chemistry

The water chemistry of the different aquifers in the WFAS varies greatly from one
aquifer to another. Within some of the individual aquifers in the WFAS there is also,
significant variability. As a general rule, however, each aquifer does have fairly
characteristic water chemistry. In some of the aquifers there are not enough different
sites or sample analyses to be able to say that the aquifer has consistent water
chemistry characteristics throughout the aquifer, but several of the aquifers in the
WFAS show fairly consistent water chemistry characteristics.

Figures 15 through 20 show the concentrations of six different constituents for
nine aquifers in the WFAS. The seventh aquifer shown in each figure is the West Fargo

North aquifer, listed as WFN. These figures compare the concentration determined from
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the analyses of samples collected in wells completed in each of the aquifers. The box
shows the range of values in which the middle 50 percent of the analyses occur, and
the vertical lines show the variation of the middle 80 percent. The circles depict
extreme values, or outliers. The horizontal line is the median value. The median is the
center of the distribution, that is, 50 percent of the values are greater than the median
value and 50 percent of the values are less than the median value.

Each aquifer has a variable number of different sites from which samples were
collected for analysis, and each site has a variable number of samples that were
collected from that particular site. Figures 15-20 depict only one representative sample
from each site. The number of sites for each aquifer represented in figures 15-20 is as

follows:
Aquifer 94/10  Fargo Horace Nodak Ponderosa Prosper WFN WFS W Pleasant
No. of sites 4 3 27 4 6 19 39 22 5

The depiction of the chemical character of several aquifers is limited, because there are
six or fewer sites. The WFN, however, is well depicted with 39 different sites
represented by one or more chemical analyses of samples collected from those sites.

Figure 15 shows that the WFN aquifer is relatively low in calcium concentration
in comparison to other aquifers in the area. Only the WFS aquifer shows lower
concentrations. There are a few sites in the WFN aquifer with higher calcium
concentrations, as seen by the three small circles on figure 15. There are no U.S.
Environmental Protection Agency (EPA) standards, advisories, or regulations regarding
calcium concentrations in public water supplies. Calcium, along with magnesium
cause water hardness, and with certain other constituents can form scale on utensils,
water heaters, boilers, and pipes.

Figure 16 shows that the WFN aquifer is about in the middle of the group of nine
aquifers with respect to chloride concentration. While there was a three-to-four-fold
variation in the calcium concentration from one site to another, there is over a ten-fold
variation in the chloride concentration from one site to another. The EPA has a
Secondary Maximum Contaminant Level (SMCL) of 250 mg/liter for chloride. There is
no regulation of this SMCL, and numerous public water supplies exceed this level. The
250 SMCL for chloride is very close to the median for the WFN aquifer. A salty taste is
imparted by concentrations above 400 mg/liter, which may impair water's usefulness
for drinking and some other purposes. Only a few sites have chloride concentrations
higher than 400 mg/liter.

Figure 17 shows that the WFN aquifer is in the low range of the group of nine
aquifers with respect to hardness. Even though WFN hardness is in the low range
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among the WFAS aquifers, the median value of the WFN hardness (about 190 mg/liter)
falls into the USGS category of “very hard” water, which is generally above 180 mg/liter.
There are no EPA standards, advisories, or regulations regarding hardness in public
water supplies. Calcium and magnesium are the principal cause of hardness, which
exhibits the characteristics of requiring greater quantities of soap to produce a lather as
the hardness increases.

Figure 18 shows that the WFN aquifer is in the middle to high range of the group
of nine aquifers with respect to the sodium concentration. Only the two northwesterly-
most aquifers (94/10 and Prosper) are clearly higher in sodium concentration. The EPA
health advisory for sodium concentration is called a “guidance”, and is listed at 20
mg/liter. This value of sodium concentration is below every one of the sodium
concentrations for every one of the 545 analyses that were performed on all of the
samples taken from the WFAS. There are very few sites in all of North Dakota that
produce samples with sodium concentrations as low as 20 mg/liter.

Figure 19 shows that the WFN aquifer is relatively low in sulfate concentration
in comparison to other aquifers in the area. The EPA has both a Drinking Water
Standard (500 mg/liter) and a SMCL (250 mg/liter). The Drinking Water Standard is
proposed and is in draft form. All sites and all samples from all sites in the WFN
aquifer had sulfate concentrations below the lower SMCL sulfate value of 250 mg/liter.
Laxative effects can be experienced with water having sulfate concentrations above 600
mg/liter, particularly if much magnesium or sodium is present.

Figure 20 shows that the WFN aquifer is about in the middle of the group of nine
aquifers with respect to the total dissolved solids (TDS) concentration. Sometimes
referred to as 'salinity’, TDS consists mainly of the total of the dissolved mineral
constituents in the water. The EPA has a SMCL of 500 mg/liter. There is no regulation
of this SMCL. The SMCL is such that only some of the sites in the West Fargo South
aquifer have TDS lower than 500 mg/liter. Otherwise, all sites of the WFN and all other
aquifers in the WFAS have values for TDS that exceed this SMCL. The major effect of
salinity is that the osmotic pressure of a soil solution becomes too large with increasing
salinity. Water containing excessive dissolved solids should not be used for plants.
Many waters in the state with TDS between 500 and 1000 mg/liter are used for plants.

The water in the WFN aquifer is a sodium-chloride to sodium-bicarbonate type.
The total dissolved solids generally range from between 800 to 1100 mg/liter, and the
water is generally hard to most often very hard. It is suitable for most purposes, but
some sites with high TDS are marginal for irrigation purposes.

The general trend of water quality in the WFN aquifer is for lower TDS in the
eastern and southern portions of the aquifer. Lower chloride and sodium

concentrations seem to relate most closely to this south and east trend of better quality
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water. Calcium, magnesium, sodium, bicarbonate and chloride concentrations all show
the highest values on the west side of the WFN aquifer. For calcium, magnesium, and
bicarbonate the area of highest concentration is the northwest part of Reed Township
(140-049), and for sodium and chloride that area is the northwest part of Barnes
Township (139-049).

Earlier in the discussion on aquifer size and location, the area north and west of
Harwood that lies on an east-west trend was discussed as being anomalous. The water
quality of one of the two observation wells in that area shows relatively good agreement
with the general water quality of the WFN aquifer in that area, with the exception of
sulfate concentrations. Observation well 141-049-30AAB has the highest sulfate values
of any well sampled in the WFN aquifer. Additionally, the general chemical character of
141-049-30BBB is significantly different than the character of 30AAB. It seems that
even though the water levels of these two wells show good historic agreement, the origin
of the waters in these two parts of the aquifer may be different.

The isotopic data for hydrogen and oxygen also shows anomalous results in this
same area. There are seven samples in the WFN aquifer that have been analyzed for
heavy oxygen (oxygen-18) and heavy hydrogen (hydrogen-2), including the site at
30AAB. Heavy hydrogen is also called deuterium.

The stable heavy isotopes of hydrogen (deuterium) and oxygen (oxygen-18) have
been investigated because the concentration of these isotopes provides information
about the history of the water, and can indicate the climate (particularly temperature)
when recharge to the aquifer occurred. Shaver (1995) collected rainfall and snowfall
samples in 1989 and 1990. Figure 21 shows the results of the isotopic analyses of
hydrogen and oxygen that were done on the samples collected for that study. The plot
shows a very consistent linear relationship between deuterium and oxygen-18, in which
the larger the negative number, the more depleted the sample is in the heavy isotopes
with respect to the standard reference value.

The notation for expressing stable isotope ratio variations is to use the delta
symbol (8) to designate the relative difference in the ratio of the heavy isotope with
respect to a reference. Because the differences between samples and the reference are
small, 8-values are expressed in per mil differences (multiplied by 1000}, and
symbolized with (0/00) to indicate that 3 has been multiplied by 1000. The essence of
this form of presentation is that there will be positive numbers if the sample has more
heavy isotope than the reference, and negative numbers if the sample is depleted with
respect to the reference.

Figure 21 shows that the snowfall samples lie on the graph in the lower left

portion, indicating higher negative numbers for both 82H (deuterium) and 5180
(oxygen-18), and indicating water that is highly depleted in the heavy isotopes. The
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upper right portion of the graph shows the zone of rainfall samples, indicating much
less depletion of the heavy isotopes. When Shaver plotted the 29 Oakes ground-water
samples on this same scale, 26 of the samples plotted between the two zones, and the
other three samples plotted in the more depleted portion of the 'rainfall zone'.

Figure 22 shows the isotope data for the six samples taken from WFN aquifer.

Five of the sites had samples that ranged in 8180 values from -16.2 to -20.9, whereas
30AAB had a 8180 of -9.1. These values show that 30AAB is significantly higher in
8180 (less depleted) than the values that are found in the rest of the aquifer. The

deuterium analyses show the same anomaly. The well at site 30AAB showed 82H value
of only -67, whereas the other five WFN analyses showed values ranging from -122 to
-157.

The isotope analysis at site 30AAB was done on a sample that was collected in
September of 1994. Three earlier samples had all shown the water in this well to be a
sodium-chloride type. The 1994 sample analysis showed the water to be a calcium-
sulfate type, which was significantly harder. This could be indicative of an observation
well that was overtopped by floodwater, and had surface water introduced into the well
and the aquifer.

The remaining six samples of the WFN aquifer appear to be natural aquifer

water, and these six samples are significantly depleted in heavy isotopes. When water

shows large negative values for §2H and §180, it is a sign that the water was emplaced
under colder climatic conditions, and is described as having a “cold signature”. As
shown in figure 21, samples of rainfall in North Dakota have shown values of
approximately -4 to -10 for 5180 and samples of snow in North Dakota have shown
values of approximately -18 to -25. Except for 141-049-30AAB, all of the WFN sample
analyses showed 8180 values near or in the. range of snowfall samples.

A shallow unconfined aquifer generally receives both snowmelt and rainfall as
recharge. These two entities mix, and the mixture varies, depending on the recharge
dynamics of the aquifer system. If an aquifer is recharged by more rainfall than
snowmelt, the isotopic signature of the water in the aquifer will resemble more closely

the range of rainfall isotopes. For 8180 this would be closer to the low range of -10 of

rainfall, than to the high range of -18 of snowfall. As mentioned earlier, ground water

from a shallow aquifer like the Oakes aquifer generally ranges from -11 to -14 in 5180

values. Some deeper aquifers, like the Wahpeton Buried Valley aquifer, have most of
the samples showing 8180 values between -11 and -13. An aquifer with one of the

colder documented 8180 signatures is the New Rockford aquifer, which has a range of
values of -13 to -18.
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The range of values for 5180 in the WFN aquifer, as stated earlier, is -16.2 to
-20.9. This range of 8180 values is strikingly cold in its signature. This range does not

suggest modern-day recharge, unless there is a mechanism whereby only snowmelt
recharges the aquifer. This is most unlikely. It is just as unlikely that the aquifer is
receiving any significant amount of meteoric water as recharge. It is possible that there
is slight recharge in the vicinity of 30AAB, however, a more likely explanation for this
anomalous value is that the well was overtopped, and the water in the well was
adulterated. Currently the isotopic values of water samples collected from WFEN wells
indicate that the ground water was emplaced under colder than present climatic
conditions. Analysis of the available isotope data leads to a conclusion that modern-

day recharge is insignificant in the WFN aquifer.

Ground-water movement

It is not possible to reconstruct the predevelopment system of ground-water
movement for the West Fargo North aquifer. Very little data exists to determine the
nature of the ground-water movement before any use was made of the West Fargo
aquifer system. Knowing that water moves under the force of gravity from higher to
lower locations, a couple of possibilities exist.

The first possibility is that upon the burial of the WFN aquifer by the activities of
the glacier(s) and the subsequent development of Lake Agassiz, the water in the aquifer
was trapped, and could not escape very easily through the overlying clays (deposited at
the bottom of Lake Agassiz) and overlying tills (deposited by the receding glaciers). The
water trapped in the aquifer in this process is referred to as 'trapped Pleistocene water'.
When Lake Agassiz was fairly deep or when the ice sheet was thick, the water in the
underlying aquifers would have been pressurized, due to the heavy overlying weight.

After Lake Agassiz drained, the movement of ground water would have been
upward through the till and lake clay. The ground water moved very slowly, but
eventually this trapped water might have reached the land surface. At the land surface
this slow seepage would most likely have been removed by evapotranspiration, however
some small accumulations could have occurred in the low-lying areas at the land
surface, especially in the winter and early-spring time periods when evapotranspiration
processes would be at a minimum.

Because water levels in the aquifer would be indirectly controlled by the
overlying topographic surface, features like the Sheyenne and Red rivers, and the Red
River valley would influence the ground-water movement. Not only would there be a
vertical aspect to the flow system, but there would also be an east component of
movement (towards the Red River), and a north component of movement (towards the
lower part of the Red River valley).

44



The second possibility is that there were enough distributed sand and gravel
bodies dispersed in the low-permeability tills and lake clays, such that lateral recharge
could occur. In this scenario, recharge could occur on higher ground laterally away
from the ground overlying the WFN aquifer. This recharge might occur where sands
and gravels are located at or near the surface, and through a somewhat circuitous route
of sand and gravel layers, the water could drain down and laterally into the WFN
aquifer.

The most likely direction for this would be from the west where the higher
ground is closest. Since the lowest place in the study area is the Red River, it follows
that similar circuitous paths could exist for the water under pressure in the WEN
aquifer to eventually seep out of the aquifer laterally towards the river bed of the Red
River. Current data does not indicate that this process happened to any meaningful
degree.

Water-level data clearly shows that the water in the WFN aquifer was under
pressure in the 1870s, and that when wells were first completed into this aquifer the
water flowed at land surface. Through the late 1800s it is likely that the number of
wells continually increased, and it is also likely that some of these wells were initially
allowed to flow unrestricted. This would have meant an increase of the movement of
water out of the WFN aquifer. The increase in the flow of water out of the aquifer would
have resulted in lower water levels.

Eventually, as more and more wells had water levels that approximated land
surface, this rate of use could, presumably, have decreased. The rate of use would have
decreased because the lowered water levels would have resulted in lower flows, and also
because eventually the flows would stop, pumps would be installed, and the water
would come out of the well in the aquifer only when the well was pumped. As
mentioned earlier, Dennis et al (1949) made note that the period of 1885 to 1910 was a
time period where there was no great lowering of the water levels in the area.

After 1910, some of the aquifers in the area began to be used to a more
significant extent. Municipalities and industries were beginning to construct high yield
wells. Those aquifers that were being used more extensively (like the Moorhead West
and the Fargo) experienced significant water-level declines. This in turn could have
caused water to drain from some of the aquifers that had higher water levels. The WFN
may have been affected in this way.

During the time period from the 1910s until 1936, the ground-water movement
in the aquifer may have gone from the WFN to other sand and gravel units that were
connected to aquifers with lower water levels. Part of the movement of ground water

out of the WFN aquifer also would have come from the numerous individual wells
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drilled into the WFN aquifer that were supplying water to individual homes, farmsteads,
and businesses.

Whether there was recharge coming into the WFN over this time period is
unclear. With all of the test drilling that has been done in the area of the WFN aquifer,
there has been no indication of a shallow, surficial aquifer that could act as a conduit
between the land surface, and the buried WFN aquifer. Any significant, vertical,
downward, recharge into the aquifer is extremely improbable.

If there was any recharge to the system, lateral recharge is the more probable
(though not necessarily probable) possibility. Water-level records that post-date this
1910 to 1930s time period show that the adjacent aquifers have experienced declining
water levels during time periods when the use of water from that adjacent aquifer was
minimal. The process of having lateral recharge coming into the WFN aquifer was most
likely occurring during this time period. It is also probable that some ground water
flowed out of the WFN aquifer into other aquifers with lower water levels, as well as
some ground water flowing into the WFN aquifer from other aquifers that had higher
water levels.

A key question that is, as yet, unanswered, is whether this lateral movement of
ground water from an adjacent aquifer into the WFN aquifer represents true recharge.
"True recharge’ in a traditional sense meaning precipitation infiltrating at land surface
and flowing downward into the WFAS via whatever route or routes possible. In the
setting of the WFAS, it is quite possible that this inflow does not represent snowmelt
and/or rainfall moving or migrating into the flow system from the land surface. Instead
this 'apparent recharge' (inflow) represents trapped Pleistocene water simply being
transferred from one aquifer (including bedrock aquifers) to another.

The mechanism for transfer would be the difference in water levels from one
aquifer to another. Once one aquifer in the WFAS was utilized as a significant source of
water, the water levels in that particular aquifer would lower at a quicker rate than the
water levels of adjacent, lesser-used, aquifers. Once the water-level differential
(hydraulic gradient) between the two aquifers was large enough, the movement of
ground water could occur from the aquifer with the higher water levels to the aquifer
with the lower water levels. There is very little data to demonstrate this process before
1936, but after 1936, and especially after 1964, water-level data strongly supports the
idea that this aquifer-transfer process is occurring in the WFAS.

In 1936 high yield wells were installed into the WFN aquifer, and municipal and
industrial entities started to withdraw significant quantities of water from the WFN
aquifer. As seen in figure 10, water levels started to decline at rates of 4 to 5 feet per
year for about 10 years. Water use increased from about 25 million to over 200 Mg per

year over this time period. Since 1936 the primary discharge from the WFN has been
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through wells, and the lowering water levels since that time show that the inflow into
the aquifer has been less than what has been removed. The limited recharge that has
occurred has come from one or more of several possible sources.

One possible source is the lateral movement of ground water from other aquifers
with higher water levels that were discussed earlier. The lowering of water levels in
relatively unused aquifers, and the somewhat similar and parallel hydrographs of two or
more adjacent aquifers indicate that the lateral movement of ground water is a most
likely possibility. A second possibility is direct recharge from the land surface that was
also discussed earlier. No data currently supports this possibility.

A third possible source of additional water coming into the WFN aquifer is
leakage from some of the less-permeable materials (lithologies) that surrounds the WFN
aquifer. The main lithologies that surround the WFN aquifer are: a) the lake clay that
generally overlies the aquifer; b) the till that is found above, beside, and beneath the
aquifer; c) the Cretaceous clay, silt, shale, and the very occasional sandstone that lie
beside and below the aquifer, and d) the Precambrian igneous and weathered igneous
rock that also lie beside and predominantly below the aquifer. With the exception of the
occasional Cretaceous sandstone, all of these lithologies have relatively small hydraulic
conductivity values.

These lithologies (with the exception of the Cretaceous sandstone) cannot
transmit ground water as fast as the aquifer sand and gravel lithologies. However, over
a relatively large time period these lithologies can transmit significant amounts of
ground water. As a result, these lithologies are classified as aquitards. Ground water
stored in aquitards can, under some circumstances, leak out of these aquitards into the
adjacent aquifers.

The relatively small hydraulic conductivity means that water does not move
through the aquitard very easily. However, the water does in fact move through the
material, even though that movement might be quite slow. Over a long time period,
pseudo equilibrium is reached, where the water levels in the aquitards are almost as
high as they are in the more permeable aquifers. Again, this is with the assumption
that the primary reason for the WFN aquifer water levels being above land surface is
that the overlying lake clay and till traps the water in the aquifer.

Once aquifers in the WFAS were utilized as water sources, and the water levels
were lowered in aquifers like the WFN aquifer, the aquitards would have higher water
levels than the aquifer. The small-hydraulic-conductivity lithologies would give up
water much less easily than the aquifers. However, the surrounding aquitards would
eventually give up some water to the aquifer, and this is an additional source of ground-

water movement into an adjacent aquifer like the WFN.
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The net result, in summary, is that only the discharge out of the WFN aquifer is
known very well. This discharge is basically the sum of the water pumped from all the
wells completed in the WFN aquifer. The only nearby aquifer with water levels lower
than the water levels in the WFN aquifer is the Fargo aquifer. Two aquifers (the Nodak
and the WFS aquifers) lie between the Fargo and the WFN and they both have water
levels higher than either the WFN or the Fargo aquifers. Thus, it is quite unlikely that
any ground water is currently moving from the WFN to the Fargo aquifer.

The inflow into the WFN aquifer is very poorly known. Any nearby aquifers with
higher water levels (most) could be contributing water to the WFN aquifer, as well as the
aquitards that surround the WFN aquifer. The only thing known for sure is that the
recharge to the WFN is significantly less than the discharge from it, because the water

levels continue to decline.

FARGO AQUIFER
Aquifer size and location

The map in figure 23 shows the area that is underlain the Fargo aquifer. This is
the smallest aquifer that will be discussed in detail among the aquifers in the WFAS.
The Fargo aquifer is only about one-half square mile in areal extent. The Fargo aquifer
is smaller than some aquifers that will not be discussed. The reasons the Fargo aquifer
will be discussed in detail despite the small size are the uses (past and present) that
have been made of the water from the Fargo aquifer, and the impacts of that use. The
impacts on water levels in this area resulting from utilization of different wells give
insights on the complexity of some of the different nearby aquifers.

The north aquifer boundary of the Fargo aquifer appears to be in the vicinity of
11th Av. North, between 25th St. and 32nd St, in the northeast quarter of section 2
(T139N, R49W). Measurements of water levels in 1940 from a well located near 10th
Av. N. and 27th St. show a good connection to the area near the Fargo city well (139-
049-01CBD2) that was being pumped at that time. The city well is located near 1st Av.
N. and 22nd St. in the southeast quarter of section 1. The aquifer may occur a little
further to the north, but there is no data available to show that it definitely does.

To the east, test holes located near the intersections of 7th Av. N. & 25th St, 7th
Av. N. & 22nd St., and 11th Av. N. & 19th St., all show little or no aquifer material.
These test holes are all located in the northwest quarter of section 1. Additionally,
further south and east, test holes near the intersections of 7th Av. N. & 19th St. and
7th Av. N. & 17th St. showed little or no aquifer material. There are no indications of
the Fargo aquifer in the northwest quarter of section 1.

The south part of the Fargo aquifer does not appear to extend much beyond
Main Street. There is one lithologic log of a well located near Main St. and 25th St. that
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FIGURE 23. Location of the Fargo aquifer and geologic section D-D'.
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shows sand from 140 to 170 feet. This site is located in the northeast corner of section
11, and is the only evidence that the Fargo aquifer occurs south of Main Street.
Otherwise, two other test holes located south of Main Street show no aquifer. These
test holes are near the intersections of Main St. and 27th St and 1st Av. S. and 21st St.

There is little available lithologic data on the west side of the Fargo aquifer to
clearly delineate the western boundary. There is, however, a significant difference
between the water-level elevation in the Fargo aquifer, and the water-level elevation in
the Nodak aquifer since 1982. The observation well 139-049-01CCA (Fargo aquifer) has
had water-level elevations ranging from about 25 to 35 feet lower than the water-level
elevations in observation wells 139-049-02CCD3 and 4 (Nodak aquifer). Figure 23
depicts the location of the two sites, and shows that there is about 1-mile distance
between these sites. The hydraulic gradient between these two wells averages about 30
feet per mile, which is a hydraulic gradient that indicates a poor hydraulic connection.
For this reason the western margin of the Fargo aquifer is believed to be around the
middle of section 2.

Eleven test holes and wells located in the Fargo aquifer were investigated. Of
these, four did not have a lithologic log. The descriptions of the remainder showed that
the material in this aquifer is comprised predominantly of sand and gravel. The sand is
at times fine to medium, but more often the sand is medium to coarse, often grading
into gravel (particularly with additional depth). The sand described in the logs is
usually described as being fairly well sorted, although the sand is sometimes described
as being poorly sorted and not as permeable.

Based upon lithologic logs for seven test holes and wells the average thickness of
the Fargo aquifer is estimated at about 39 feet. There are sand lenses described above
some parts of the Fargo aquifer in about six of the seven logs. Most of these lenses are
probably not connected to the aquifer. This results in an average thickness of about 40
feet for the WFN aquifer.

The top of the aquifer is usually encountered at an average depth of about 141
feet, with the highest and lowest values being 125 and 155 feet below land surface. The
bottom of the aquifer is encountered at an average depth of 180 feet below land surface,
with the minimum and maximum values ranging from 135 to 204 feet below land
surface.

Figure 24 shows a geologic section (D-D’) of the Fargo aquifer. The geologic
section and the map view show the aquifer to be quite small. With a thickness of about
40 feet across an area of about one-half square mile, the approximate volume of the
Fargo aquifer is 0.5 billion cubic feet. A discussion later in the report will discuss the
relationship between the volume of the aquifer, and the amount of water contained in

this aquifer volume.
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Aquifer water use and water-level history

The first documented well in the city of Fargo (but not located in the Fargo
aquifer) was noted as having been installed in the summer of 1872. This well was in a
location near 4th and Front streets (an intersection near Island Park that no longer
exists). This 248-foot well was unproductive and was abandoned.

Byers et al (1946) report that several wells were later installed in an area
bounded by 2nd Av. N. on the north, 9th Av. N. on the south, 16th St. on the east, and
21st St. on the west. These wells were located about one-half to three-fourths of a mile
southeast of the Fargo aquifer. This early development is described as having occurred
in the late 1800s and the early 1900s. The water derived “from these wells was hauled
through the city in tank wagons and was sold door-to-door for drinking”. It is quite
likely that the use of these wells caused some indirect water-level declines in the Fargo
aquifer. There are no water use figures for these wells.

Additional development of ground water in the area was occurring across the
Red River in Moorhead during this same time period. The first well field developed in
Moorhead was in the West Moorhead aquifer, near the old Fairmont Creamery
Company. The volume of water pumped annually from the West Moorhead aquifer
increased almost every year from 20 Mg in 1910, to about 120 Mg in 1927, when the
city of Moorhead developed a second well field in the East Moorhead aquifer about a
mile to the east. Water levels as low as 190 feet below land surface have been reported
in the West Moorhead aquifer. It is likely that the low water levels in the West
Moorhead aquifer affected the water levels in sand and gravel units between the Fargo
and the West Moorhead aquifers, and ultimately lowered the water levels in the Fargo
aquifer slightly.

Development of the Fargo aquifer to any significant degree started in 1938, when
the only city of Fargo production well was completed. Figure 25 shows the annual use
of the Fargo city well, 139-049-01CBD2, for the years from 1938 to 1952. Figure 25
also shows the annual water use of the Cass Clay Creamery well, 139-049-01CCA2,
from 1983 to 1995. Most of Fargo's water use is included in the graph, but some of the
use of the Fargo aquifer on the part of Cass Clay Creamery before 1983 is not available.

The water-level records for two Fargo aquifer observation wells (and one WFN
aquifer observation well) are shown in figure 26. Water-level records from 1937 to 1956
are available for observation well 139-049-01CCD2, and water-level records from 1981
to 1995 are available for observation well 139-049-01CCA. Also shown on figure 26 is a
hydrograph of observation well 139-039-06ADB, which had also been shown in figures
10, 13, and 14 in the discussion on the WFN aquifer. The water-level record for 6ADB

will be used later for comparison.
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When the city of Fargo began to use the Fargo aquifer in 1938, the water level
was about 25 feet below land surface. Because only small amounts of water had been
withdrawn by individual wells in the Fargo aquifer, it is thought that a significant
portion of this approximately 25-foot decline was caused by the pumping of the wells
that were described a few paragraphs earlier, that lie to the southeast and east. From
1938 until about 1948 there appears to be a fairly clear relationship between Fargo's
ground-water use from the Fargo aquifer, and the water levels in well 139-049-01CCD2.
In 1941 Fargo's annual use was the largest of any year from 1938 to 1952. The lowest
water levels for that time period are also seen in 1941 (see figure 26).

After 1948 figures 25 and 26 do not show a clear relationship between water use
and water levels. Other factors may be changing the previous pattern of more water use
causing lower water levels. Water use in 1949 was about 55 percent of water use in
1948, and yet water levels went down about 5 feet in the Fargo aquifer. There are
several possible explanations for this change. It is possible that the water-use records
are erroneous. It is also possible that other unknown wells within the Fargo aquifer are
producing significant amounts of water at this time. A third possibility is that
increased pumping from wells located in other nearby aquifers results in lower water
levels in those nearby aquifers that indirectly causes an additional decline in water
levels in the Fargo aquifer.

Until 1953 it appears as if the lowering of water levels in the WFN (as indicated
by the water-level records of 139-049-06ABD) could be causing the decline in the water
levels of 139-049-01CCD2 in the Fargo aquifer (see figure 26). However, the time period
from 1953 to 1956 does not show the same possible relationship. The similar water-
level pattern for the period 1938-53 appears that it might be a coincidence.

Additionally, figure 26 shows that the WFN aquifer has displayed higher water levels
than the Fargo aquifer from 1981 to 1995. The reversal of which water level is higher
and the dissimilar pattern of water levels indicate a limited hydraulic connection
between these two aquifers. It is not clear why Fargo aquifer water levels do not
correspond well to Fargo aquifer water use since 1949.

There is some missing water use data from the time period of 1952 to 1982,
Klausing (1968) reports that the Cass-Clay Creamery began using the Fargo aquifer
June 1, 1956. In the time period from 1956 to 1965 Klausing estimates that about 19.9
million gallons per year were used based upon the volume of wastewater discharged
into the Fargo sewer system. This is the only estimate of water use for the Fargo
aquifer during this time period.

By using two observation wells, 139-049-01CCA and 139-049-01CCD2, the
average water-level decline for the Fargo aquifer for the 60 years from 1936 to 1995 is

about 1.9 feet per year. Over the last 15 years the average decline has been about 0.7
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feet per year. Over the last seven years the water level has actually risen about 0.5 feet
per year. This is due to the recovery of the aquifer from a time period of heavier
pumping in the 1980s (see figure 25).

Aquifer water chemistry

Figures 15 to 20 show the concentrations of six different constituents for nine
aquifers in the WFAS. The second aquifer shown in each figure is the Fargo aquifer.
Each aquifer has a variable number of different sites from which samples were collected
for analysis, and each site has a variable number of samples that were collected from
that particular site. Figures 15-20 depict only one representative sample from each

site. The number of sites for each aquifer represented in figures 15-20 is as follows:

Aquifer 94/10  Fargo Horace Nodak Ponderosa Prosper WFN WFS W Pleasant
No. of sites 4 3 27 4 6 19 39 22 5

The depiction of the chemical character of several aquifers is limited, because there are
six or fewer sites. The Fargo is one of these aquifers, with only three sites being
represented.

Figure 15 shows that the Fargo aquifer is relatively low in calcium concentration
in comparison to other aquifers in the area. The WFS, the 94/10, and the WFN
aquifers show lower concentrations. There are no U.S. Environmental Protection
Agency (EPA) standards, advisories, or regulations regarding calcium concentrations in
public water supplies. Calcium, along with magnesium cause water hardness, and with
certain other constituents can form scale on utensils, water heaters, boilers, and pipes.

Figure 16 shows that the Fargo aquifer is relatively low in chloride concentration
in comparison to other aquifers in the area. The EPA has a Secondary Maximum
Contaminant Level (SMCL) of 250 mg/liter for chloride. There is no regulation of this
SMCL, and numerous public water supplies exceed this level. A salty taste is imparted
by concentrations above 400 mg/liter, which may impair water's usefulness for
drinking and some other purposes. No sites had chloride values near 250 mg/liter.

Figure 17 shows that the Fargo aquifer is in the low range of the group of nine
aquifers with respect to hardness. Even though Fargo aquifer hardness is in the low
range among the WFAS aquifers, the median value of the Fargo aquifer hardness (about
180 mg/liter) just falls into the USGS category of “very hard” water, which is generally
above 180 mg/liter. There are no EPA standards, advisories, or regulations regarding
hardness in public water supplies. Calcium and magnesium are the principal cause of
hardness, which exhibits the characteristics of requiring greater quantities of soap to

produce lather as the hardness increases.
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Figure 18 shows that the Fargo aquifer is in the middle of the group of nine
aquifers with respect to the sodium concentration. The EPA health advisory for sodium
concentration is called a “guidance”, and is listed at 20 mg/liter. This value of sodium
concentration is below each and every one of the sodium concentrations for every one of
the 545 analyses that were performed on the all of the samples taken from the WFAS.
There are very few sites in all of North Dakota that produce samples with sodium
concentrations as low as 20 mg/liter.

Figure 19 shows that the Fargo aquifer is about average in comparison to other
aquifers in the area with respect to sulfate concentration. The EPA has both a Drinking
Water Standard (500 mg/liter) and a SMCL (250 mg/liter). The Drinking Water
Standard is proposed and is in draft form. All sites and all samples from all sites in the
Fargo aquifer had sulfate concentrations below the lower SMCL sulfate value of 250
mg/liter. Laxative effects can be experienced with water having sulfate concentrations
above 600 mg/liter, particularly if much magnesium or sodium is present.

Figure 20 shows that the Fargo aquifer is relatively low among the group of nine
aquifers with respect to the total dissolved solids (TDS) concentration. Sometimes
referred to as salinity’, TDS consists mainly of the total of the dissolved mineral
constituents in the water. The EPA has a SMCL of 500 mg/liter. There is no regulation
of this SMCL. The SMCL is such that only some of the sites in the West Fargo South
aquifer have TDS lower than 500 mg/liter. Otherwise, all sites of the Fargo and all
other aquifers in the WFAS have values for TDS that exceed this SMCL. The major
effect of salinity is that the osmotic pressure of a soil solution becomes too large with
increasing salinity. Water containing excessive dissolved solids should not be used for
plants. Many waters in the state with TDS between 500 and 1000 mg/liter are used for
plants.

The water in the Fargo aquifer is a sodium type, with no dominant anion,
although anion concentrations in the water samples tend more towards bicarbonate
than sulfate. The total dissolved solids generally range from 700 to 800 mg/liter, and
the water is generally hard to very hard. The water is suitable for most purposes. No
samples were drawn from the Fargo aquifer for the stable isotope analysis of oxygen and

hydrogen.

Ground-water movement

There are no specific records (as there were with the WFN aquifer) to show that
the Fargo aquifer once had water levels that were above the land surface. All
indications, however, show that the likely scenario is that at the time that the WFAS
was first utilized as a source of water, the water levels in all of the WFAS aquifers were

above land surface. The flow system at that time would be very similar to what was
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described earlier for the WFN aquifer, except that because this aquifer is so small, the
north and east components of ground-water movement would likely be minimal,
because there was little topographic variation in the overlying land surface. A few
domestic wells would lower the water level slightly, and as more wells were installed
and utilized, the water level would eventually approach land surface, and then drop
below the land surface.

There are no records showing that any large yield wells were producing water
from the Fargo aquifer before 1938. Even though only small amounts of water were
being withdrawn from the Fargo aquifer, water levels in the Fargo aquifer were over 25
feet below land surface in 1937. It is likely that indirect connections to wells in an
undefined aquifer to the southeast, and wells completed in the West Moorhead aquifer
to the east, led to leakage from the Fargo aquifer to these two areas. Both areas were
being utilized as a source of community water, and that utilization would have led to
larger drawdowns in those aquifers. The anticipated low water levels were documented
in the West Moorhead aquifer. With water levels higher in the Fargo aquifer, this led to
leakage out of the Fargo aquifer into adjoining areas of greater water use.

After 1938, and the utilization of the Fargo aquifer as a water supply for the city
of Fargo, the water levels in the Fargo aquifer indicate that most of the water moving
out of the Fargo aquifer was being pumped out of the aquifer by the production well
139-049-01CBD2. Instead of most or all of the water moving out of the Fargo aquifer
into areas to the east and southeast, it is likely that a lesser amount of ground water
flowed towards the east from the Fargo aquifer. Additionally, some ground water flowed
into the Fargo aquifer from the southeast and the Nodak aquifer (see figure 23).

Low water levels in the West Moorhead aquifer would have maintained the
hydraulic gradient from the Fargo aquifer to the West Moorhead. Static water levels in
the East Moorhead aquifer ranged from 115 to 135 feet in 1934 and 1935. It is likely
that since the East Moorhead aquifer wells came on line from 1927 to 1932, that water
levels in the West Moorhead aquifer were at or below the depths measured in the East
Moorhead. Thus, a significant hydraulic gradient between the West Moorhead and the
Fargo aquifers still existed, such that there would have been some ground-water
movement from the Fargo aquifer to the West Moorhead aquifer through the 1930s.

Because there are virtually no water level and water use records for the time
period from 1956 to 1980, little can be stated definitively about the ground-water
movement during this time. Based on the significant water-level change during that
time period (about an 80-foot drop), and available records in other areas, a few things
can be postulated. The significantly lower water level could have been caused by
significant water use from the Fargo aquifer. Such a large use would most likely have

been noticed and documented by one of the later studies. There is no known
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documentation of significant water use at this time. There are likely three main
mechanisms by which ground water moved out of the Fargo aquifer in the time period
up to 1981, which resulted in lower water levels.

The most dominant component of ground-water movement out of the Fargo
aquifer was probably caused by the very low water levels in the West Moorhead aquifer.
Water levels in the West Moorhead aquifer that were about 135 feet below land surface
in the mid 1930s dropped to 190 feet by 1947 as reported by McLain (1977). After the
city of Moorhead developed an additional ground-water supply from the Buffalo aquifer
in 1948, use of both the East and West Moorhead aquifers was reduced, and static
water levels rose to about 170 feet below land surface in the 1950s. At this level, water
would still move from the Fargo aquifer to the West Moorhead aquifer.

The city of Moorhead began to incorporate surface water into their total water
supply in 1961. This further reduced the use of the East Moorhead aquifer (use of the
West Moorhead was discontinued in the early 1950s), and water levels were as high as
about 160 feet below land surface through the 1960s. Use of the East Moorhead
aquifer increased in the early 1970s, and water levels have generally been between 185
and 195 feet through the 1980s and the early 1990s. The water levels in the West and
East Moorhead aquifers may have been the largest influence on water levels in the
Fargo aquifer up to the 1980s, and possibly beyond.

The second main component of outflow from the Fargo aquifer up to 1981, might
have been an indirect effect from the WFN aquifer through the Nodak aquifer. There are
no water-level records for the Nodak aquifer during this time. The WFN hydrograph in
figure 26, however, shows a water-level decline of about 50 feet in the time period up to
1981. The Nodak aquifer lies between the WFN and Fargo aquifers, and while there are
no water-level records for this time period, subsequent water-level records do show that
water levels in the Nodak aquifer are likely influenced by water levels in the WFN
aquifer. Similarly, recent data shows that Nodak aquifer water levels in another part of
the Nodak aquifer appear to be influenced by low water levels in the Fargo aquifer.

The pattern of movement of ground water through this time period
(approximately pre-1950 to pre-1980) would have most likely been from the Fargo
aquifer to the Nodak aquifer. This movement would have continued from the Nodak
aquifer into the WFN aquifer, where it would have been drawn into one of the several
WFN production wells in service through the 1950s, '60s, and '70s. There is no direct
evidence during this time period that this was occurring, however, data before and after
this time period suggests that it was likely.

The third factor that may have had a significant influence on the water levels
such that they lowered to about 125 feet below land surface, would be utilization of the

Fargo aquifer itself. Earlier it was stated that it was unlikely that the lowered water
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levels were due entirely to the ground-water withdrawals from the Fargo aquifer. It is
possible, however, that the combination of several undocumented small uses of the
aquifer, and some unrecorded utilization by the city and/or Cass Clay Creamery could
have produced some of the 80 feet of water-level decline observed by 1981.

After 1981 the water levels in the Fargo aquifer have been lower than the water
levels in the pumping center of the WFN aquifer. This means that ground water flows
from the Nodak aquifer west to the WFN aquifer, but also from the Nodak aquifer east to
the Fargo aquifer. It is probable that some ground-water flow also still occurs towards
the West Moorhead aquifer, and ultimately to Moorhead's East Moorhead well field. The
remainder of the ground water flow out of the Fargo aquifer is comprised predominantly
of the withdrawals that are made from the Cass Clay Creamery Company well (139-049-
01CCA2).

In summary, the current flow system for the Fargo aquifer consists of two
significant outflows, and two significant inflows. Figure 25 shows the water use from
the Cass Clay Creamery Company production well, 139-049-01CCA2 (1983-1995). This
is one of the significant outflows. There may be a few other wells that currently produce
water from the aquifer, but it is unlikely that they produce significant volumes of water.
The only other significant outflow that may be occurring would be the leakage of water
from the Fargo aquifer to the West Moorhead aquifer. Water levels in the West
Moorhead aquifer are currently about 40 to 50 feet lower than the water levels in the
Fargo aquifer.

The two inflows coming into the Fargo aquifer are leakage from the nearby
Nodak aquifer, and leakage from the aquitards surrounding the Fargo aquifer. The
same process of leakage from aquitards that was discussed in detail in the “Ground-
water movement” section on the WFN aquifer occurs in the Fargo aquifer. Additionally,
there are relatively permeable areas to the southeast from which water for municipal
use was derived in the late 1800s and the early 1900s. These areas likely provide some
recharge in the form of leakage to the Fargo aquifer.

As water levels in the area subside, this contribution of water from the
surrounding aquitards to the recharge of the Fargo aquifer could lessen. Currently,
however, the water levels in the Fargo aquifer are among the most stable in the area.
There appears to be a relative balance between water coming into the Fargo aquifer, and

water moving out of the Fargo aquifer.

NODAK AQUIFER
Aquifer size and location
The map in figure 27 shows the area that is underlain by the Nodak aquifer.

This aquifer is one of the small aquifer units in the WFAS system. However, the
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relationship to two of the large aquifers (the WFS, and the WFN) and one of the most
significant small aquifers (the Fargo) increases the importance of the Nodak aquifer.

The limits of the Nodak aquifer at the north end are not well defined. The limits
of the Nodak aquifer are drawn as they are mostly on the basis of water-level patterns.
Water levels from observation wells in the north end of sections 34 and 35 (T140N,
R49W) show patterns that relate closely with water levels of observation wells in
sections 2 and 11 (T139N, R49W). Thus the north end of the aquifer is drawn through
sections 26 and 27 (T140N, R49W). It is possible that the Nodak aquifer could extend
further to the north. There is a domestic well in the middle of the southern part of
section 23 that has sand in the same interval as the northern part of the Nodak aquifer,
however, the water level in that well in late 1996 was about 8 to 12 feet higher than the
water levels in the northern part (about one mile south of the domestic well) of the
Nodak aquifer.

The Nodak aquifer could also extend further to the north-northwest into the
southwest quarter of section 22, which would place the aquifer just to the east of Reile's
Acres. The Nodak aquifer could also be hydraulically connected to the small aquifer
(Reile's Acres aquifer) that provides water for the subdivision in the southeast of section
21.

The eastern margin of the Nodak aquifer is based primarily upon lithologic
records of several test holes that show little or no sand or gravel intervals. Additionally,
there is the 25 to 35 foot difference in water levels between 139-049-02CCD3 and 4
(Nodak aquifer) and 139-049-01CCA (Fargo aquifer) that was discussed in the Fargo
aquifer section. This difference indicates a poor hydraulic connection between the sand
and gravel intervals of the two areas, thus indicating two different aquifers.

The south end of the Nodak is delimited with lithologic logs indicating an
absence of permeable sands and gravels. Several lithologic logs also indicate an
absence of sand and gravel units on the west side of the aquifer, except towards the
north side of the western margin of the Nodak aquifer. Observation wells 140-049-
34ABB2 and 3 (Nodak aquifer) and 140-049-34BBB (WFN aquifer) are about a half mile
apart. There are no test holes between them with a lithologic log showing that the
aquifer sections in the two sites are not continuous. However, the difference in the
water levels between the two sites shows there is a hydraulic discontinuity between
them.

Twelve test holes and wells located in the Nodak aquifer were investigated. Of
these 12 test holes or wells, nine wells or test holes had a lithologic log. The deeper
aquifer intervals found in sections 2 and 11 in T139N, R49W (Barnes Township) consist

predominantly of sand with a little gravel described in some of the logs. The shallower
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aquifer intervals found in sections 34 and 35 in T140N, R49W (Reed Township) consist
predominantly of gravel with sand described in some of the logs.

Figure 28 shows a geologic section (E-E') of the Nodak aquifer from south to
north. This geologic section indicates hydraulic continuity between the shallow sand in
the north and the deeper sand in the south. Hydraulic continuity is inferred because
water levels and patterns of water-level fluctuations are similar in both areas. The
actual deposition of the aquifer probably occurred at different times (at least two), and
the shallow gravels were probably deposited on top of the earlier deposited sands of the
lower part of the aquifer.

The average thickness of the Nodak aquifer estimated from the available logs is
about 68 feet. The top of the aquifer is usually encountered at a depth of about 231
feet in Barnes Township, and at about 145 feet in depth in Reed Township. The highest
top of aquifer occurs at 192 feet in Barnes Township, and at 126 feet in Reed Township.
The bottom of the aquifer is usually encountered at an average depth of about 361 feet
in Barnes Township, and at about 182 feet in depth in Reed Township. The lowest
bottom of aquifer occurs at 426 feet in Barnes Township, and at 169 feet in Reed
Township.

Based on an estimated average thickness of 68 feet and an areal extent of 2.6
square miles, the volume of the Nodak aquifer is about 5 billion cubic feet. A
discussion later in the report will address the relationship between the volume of the

aquifer, and the amount of water in storage in this aquifer.

Aquifer water use and water-level history

No documented water use data for the Nodak aquifer is available. All
documented wells in place before the 1950s in this area were shallow wells. In the
1950s and 1960s some wells were installed into the Nodak aquifer, however no water
use figures are available for these wells. It is probable that these wells did not produce
significant amounts of water. Production from the few non domestic wells in the Nodak
aquifer may have caused small localized cones of depression, however large, aquifer-
wide drawdowns were most likely not caused by pumping from the Nodak aquifer.

Water-level records for the Nodak aquifer begin in the 1960s with the
publication of the Klausing report (1966). A few water levels in this area are available
from Byers et al (1946) and Dennis et al (1949), however these water levels are all
associated with unconnected shallow sand and gravel lenses that are above the Nodak
aquifer. From the available records it appears that early wells installed in this area
were predominantly shallow (20 to 90 feet), and that starting in the mid-late 1950s new
wells in this area were installed into the Nodak aquifer (about 300 to 400 feet).
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Regularly scheduled water-level measurements that are continuous to the
present did not start until 1982. Figure 29 shows a hydrograph of four observation
wells, and one production well that are located in three sites. The production well (139-
049-02CCD3) is the well with the large annual fluctuations in water-level elevations. In
1990 an observation well (139-049-2CCD4) was installed near the production well to
facilitate easier measurements. Observation well 140-049-34ABB2 was replaced by
140-049-34ABB3 in 1994. These two sites, along with the third site represented by
observation well 140-049-35BAA are the three sites where water-level measurements
have been made on a regular basis since 1982.

The hydrograph shows a declining water-level elevation for all three sites, and
there is little indication that this decline is caused by utilization of water from the
Nodak aquifer. The highest water levels among the three Nodak sites appear to be
found at the 2CCD site in the early ‘80s, the 35BAA site in the mid-late *80s, and either
the 2CCD or 35BAA site in the ‘90s. The lowest water levels are almost always found at
the 34ABB site. This indicates that near the 34ABB site there is likely to be found an
area into which the ground water of the Nodak aquifer is moving.

About a half mile to the west from observation wells 34ABB2 and 34ABB3 is
observation well 139-049-34BBB completed in the WFN aquifer. Figure 30is a
hydrograph showing the water-level elevations for 34BBB as well as for the two wells at
site 34ABB. Because observation well 34BBB was not installed until 1991, the water-
level elevations of an additional, nearby WFN observation well (139-049-03BBB) are
also included in figure 30. The water levels show that water could move from site
34ABB to 34BBB because the water levels are lower at 34BBB, however, the difference
in the water-level patterns indicate that either they are not connected, or that there are
other factors that complicate the flow system. Also, the water-level pattern for the
34ABB site show annual fluctuations that are larger than the annual fluctuations of the
WFN aquifer in this area as indicated by the water-level patterns of 34BBB and 03BBB.
This would not be the case, if leakage from 34ABB to 34BBB were the only reason water
levels were declining in the vicinity of 34ABB.

Figure 31 shows a hydrograph of two Nodak wells at one site (2CCD) and an
observation well in the Fargo aquifer (139-049-01CCA). The two sites are about a mile
apart, however the Nodak site may be near a portion of the Nodak aquifer that is about
a quarter of a mile away from a portion of the Fargo aquifer. Again, the water-level
elevation of the Fargo aquifer observation well indicates that water could move from the
Nodak aquifer to the Fargo aquifer. The hydrograph comparison in figure 31 also shows
that the water-level patterns are not the same, and that if there is a hydrologic

connection between these sites, it is complicated by other water-level influences.
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Finally, figure 32 shows a hydrograph of the same two Nodak wells at one site
(2CCD) along with an observation well in the West Fargo South aquifer (139-049-
09ADD). In this instance the water-level elevations at the Nodak site are about 25 feet
lower than the water-level elevations of the WFS aquifer observation well in the early
1980s. Once utilization of the new WFS aquifer well field began in 1983, the water
levels declined almost 40 feet the first two years. During these same two years the
water level in the Nodak aquifer went down about 12 feet in elevation. For several years
the water-level elevations at both sites were quite similar, but since 1991 the water
levels in the WFS aquifer have been lower.

For the 15 years from 1982 to 1996 the water levels in the southeast part of the
Nodak aquifer (139-049-02CCD3 and 4) have declined at an average annual rate of
about 1.2 feet per year. In the northwest part of the aquifer (140-049-34ABB2 and 3)
the average annual decline for, these 15 years has been about 0.9 feet per year. For the
seven years from 1990 to 1996 these sites, respectively, have averaged about 0.6 and
0.5 feet per year.

Aquifer water chemistry

Figures 15 to 20 show the concentrations of six different constituents for nine
aquifers in the WFAS. The fourth aquifer shown in each figure is the Nodak aquifer.
Each aquifer has a variable number of different sites from which samples were collected
for analysis, and each site has a variable number of samples that were collected from
that particular site. Figures 15-20 depict only one representative sample from each

site. The number of sites for each aquifer represented in figures 15-20 is as follows:

Aquifer 94/10  Fargo Horace Nodak Ponderosa Prosper WFN WFS W Pleasant
No. of sites 4 3 27 4 6 19 39 22 5

Because there are less than sites, depiction of the chemical character of some aquifers
is limited. The Nodak is one of these aquifers, with only four sites being represented.
Figure 15 shows that the Nodak aquifer is relatively low in calcium
concentration in comparison to some of the other aquifers in the area. The 94/10, the
Fargo, the WFN, and the WFS aquifers show slightly lower concentrations, while the
others show significantly greater concentrations. There are no U.S. Environmental
Protection Agency (EPA) standards, advisories, or regulations regarding calcium
concentrations in public water supplies. Calcium, along with magnesium cause water
hardness, and with certain other constituents can form scale on utensils, water

heaters, boilers, and pipes.
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Figure 16 shows that the Nodak aquifer is relatively low in chloride
concentration in comparison to other aquifers in the area. The EPA has a Secondary
Maximum Contaminant Level (SMCL) of 250 mg/liter for chloride. There is no
regulation of this SMCL, and numerous public water supplies exceed this level. A salty
taste is imparted by concentrations above 400 mg/liter, which may impair water's
usefulness for drinking and some other purposes. No sites had chloride values near
250 mg/liter.

Figure 17 shows that the Nodak aquifer is in the low range of the group of nine
aquifers with respect to hardness. Even though Nodak aquifer hardness is in the low
range among the WFAS aquifers, all of the samples from the Nodak aquifer that were
analyzed had hardness values that fell into the USGS category of “very hard” water,
which is generally above 180 mg/liter. There are no EPA standards, advisories, or
regulations regarding hardness in public water supplies. Calcium and magnesium are
the principal cause of hardness, which exhibits the characteristics of requiring greater
quantities of soap to produce lather as the hardness increases.

Figure 18 shows that the Nodak aquifer is relatively low among the group of nine
aquifers with respect to the sodium concentration. The EPA health advisory for sodium
concentration is called a “guidance”, and is listed at 20 mg/liter. This value of sodium
concentration is below each and every one of the sodium concentrations for every one of
the 545 analyses that were performed on the all of the samples taken from the WFAS.
There are very few sites in all of North Dakota that produce samples with sodium
concentrations as low as 20 mg/liter.

Figure 19 shows that the Nodak aquifer is among the lowest in comparison to
other aquifers in the area with respect to sulfate concentration. The EPA has both a
Drinking Water Standard (500 mg/liter) and a SMCL (250 mg/liter). The Drinking
Water Standard is proposed and is in draft form. All sites and all samples from all sites
in the Nodak aquifer had sulfate concentrations below the lower SMCL sulfate value of
250 mg/liter. Laxative effects can be experienced with water having sulfate
concentrations above 600 mg/liter, particularly if much magnesium or sodium is
present.

Figure 20 shows that the Nodak aquifer is among the lowest of the group of nine
aquifers with respect to the total dissolved solids (TDS) concentration. Only the WFS
aquifer is clearly lower in TDS. Sometimes referred to as ‘salinity’, TDS consists mainly
of the total of the dissolved mineral constituents in the water. The EPA has a SMCL of
500 mg/liter. There is no regulation of this SMCL. The SMCL is such that only some of
the sites in the West Fargo South aquifer have TDS lower than 500 mg/liter.

Otherwise, all sites of the Nodak and all other aquifers in the WFAS have values for TDS
that exceed this SMCL. The major effect of salinity is that the osmotic pressure of a soil
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solution becomes too large with increasing salinity. Water containing excessive
dissolved solids should not be used for plants. Many waters in the state with TDS
between 500 and 1000 mg/liter are used for plants.

The water in the Nodak aquifer is predominantly a sodium type, with no
dominant anion although a few samples show the dominant anion to be bicarbonate.
The total dissolved solids generally range from between 500 to 900 mg/liter, and the
water is very hard. The water is suitable for most purposes.

Figure 33 shows the isotope data for the two samples taken from Nodak aquifer.

The two sites had samples that ranged in 8180 values from -20.1 to -20.5, and in 82H
values from -149 to -153. When water shows large negative values for 82H and §180, it

is a sign that the water was emplaced under colder climatic conditions, and is described

as having a “cold signature”. As shown in figure 21, samples of rainfall in North Dakota

have shown values of approximately -4 to -10 for 180 and samples of snowfall in ND

have shown values of approximately -18 to -25.

The two Nodak aquifer samples are in the “snowfall” range. This range of 5180
values is strikingly cold in its signature. This range does not suggest modern-day
recharge, unless there is a mechanism whereby only snowmelt recharges the aquifer.
This is most unlikely. It is just as unlikely, that the aquifer is receiving any significant
amount of meteoric water as recharge. Currently the isotopic values of water samples
collected from Nodak wells indicate that the ground water was emplaced under colder
than present climatic conditions. Analysis of the available isotope data leads to a

conclusion that modern-day recharge is insignificant in the Nodak aquifer.

Ground-water movement

There are a few water-level measurements in the early mid 1960s for the Nodak
aquifer, and the remainder of the Nodak water-level data has been gathered since 1982.
A higher degree of uncertainty should be applied to the pre-1980s discussion, because
of this lack of water-level data.

There is reason to believe that the Nodak aquifer is like the WFN and Fargo
aquifers, in that water levels in the aquifer were likely above land surface up to the
1870s. Thus the ground-water movement would have been from the aquifer to the
surface via some circuitous route through the overlying aquitards. Because the aquifer
is relatively small, the land surface above the aquifer has little topographic variation
and the regional topographically driven north and east ground-water movement
components were likely quite small. After a few wells were installed, the water levels
would have been lowered. However, because the land overlying the Nodak aquifer was

settled later than some of the other areas, and because early on there appear to have
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been numerous shallow wells that were installed in sand and gravel lenses that lie
above the Nodak aquifer, utilization of the Nodak aquifer itself may not have been a
significant contributor to the early lowering of the water levels in the Nodak aquifer.

The Nodak aquifer may have had water-level declines that occurred because of
the utilization of the Fargo aquifer, and the area southeast of the Fargo aquifer in
section 12, that caused water-level declines in those areas. Those water-level declines
then led to leakage out of the Nodak aquifer, and into the Fargo aquifer and the area in
section 12 where some of the first wells in the Fargo area provided water for the door-to-
door sales of water.

Once significant utilization of the West Fargo North aquifer began in 19386, it is
likely that the Nodak aquifer also contributed water to the WFN aquifer. Sometime
around 1950 it is also possible that the water level in the Nodak aquifer was lowered
sufficiently (primarily because of leakage into WFN aquifer), so that the leakage from the
Nodak to the Fargo aquifer was reversed, and leakage went from the Fargo aquifer into
the Nodak aquifer. There is no direct data to support or not support these conjectures,
but given the history that is known about the WFN and Fargo aquifers, it does seem
probable.

Sometime after the early-mid 1960s (possibly in the late 1970s or very early
1980s), the Fargo aquifer was pumped enough to have the water levels in the Fargo
aquifer once again become lower than the water levels in the Nodak aquifer. At this
point in time, the ground-water flow between the aquifers would have reversed again,
and water would have flowed from the Nodak aquifer to the Fargo aquifer.

Activities in another aquifer (the West Fargo South aquifer) significantly
impacted the movement of ground water in the Nodak aquifer beginning in 1983.
Before 1975 there were no high yield wells producing water from the WFS aquifer. In
1975 Cass Rural Water Users installed three wells and began withdrawing at a rate of
50 to 70 million gallons per year (Mg/y). That well field was about 11 to 12 miles from
the Nodak aquifer, and did not have a large impact on water levels in the area of the
Nodak aquifer. However, in 1983 the city of West Fargo began utilizing up to about 275
Mg/y from a part of the WFS aquifer that was about 2 miles from the Nodak aquifer.
Figure 32 shows the large water-level decline that occurred in the WFS aquifer
observation well (139-049-09ADD) when the city of West Fargo began to utilize the WFS
aquifer for part of their water supply.

Figure 34 shows a representative water-level record for four sites in the vicinity
of the Nodak aquifer. Each site is in a different, but hydraulically connected, aquifer.
The four aquifers are the Fargo, the Nodak, the WFN, and the WFS aquifers. Figure 27
shows a map of how the aquifers are spatially distributed. Two of the sites are depicted

in figure 27. The third site, located in the WIS aquifer, is just over a mile south and
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west of 139-049-02CCD3 and 4. This site is represented by observation wells 139-049-
09DDD3 and 139-049-10CCC. The fourth site is located about a half-mile north and 3
1/2 miles west of 139-049-02CCD3 and 4. This site is about one-half mile west of the
west margin of the map in figure 27. The observation well at this site is 139-049-
06ADB, the recorder well with a continuous water-level record dating back to 1937.

The main point of figure 34 at this stage of the discussion is to show the
influence of water levels in the WFS aquifer on water levels in the Nodak aquifer. Before
the significant 1983 to 1985 water-level decline in the WFS aquifer, the water level in
the WFS aquifer was about 40 feet higher than the water level in the Nodak aquifer.
The water level in the WFS aquifer was also about 70 feet higher than the water level in
the WFN aquifer. Before 1983, water was likely leaking from the WFS to both the WFN
and Nodak aquifers. From 1985 to about 1990 water levels were fairly similar in the
Nodak and WFS aquifers. Since 1990 the water-level elevations in the WFS have been
predominantly lower than the water-level elevations in the Nodak aquifer.

An interpretation could be placed on this water-level data, whereby the
conclusion could be drawn that the two aquifers are unrelated, because the water-level
patterns are different. However, a careful look at the Nodak water levels in the time
period from 1983 to 1985 shows that the water levels in that two-year time period
declined about 10 feet, or 5 ft/yr. While there are no actual water-level measurements
from the 1960s to 1982, the measurements in 1963 and 1964 indicate that the Nodak
water levels were declining at an average rate of less than 1 ft/yr. Figure 34 shows that
the average water-level decline for the last 12 years has also been less than 1 ft/yr.

Prior to 1983 ground water appears to have been moving from the WFS aquifer
to the Nodak aquifer. After 1985, the inflow to the Nodak aquifer has likely been
minimal, and after 1990 ground water is likely flowing from the Nodak aquifer to the
WFS aquifer. Currently the water-level records indicate that ground water in the Nodak
aquifer is flowing into the Fargo, the WFN, and the WFS aquifers. The rate of this
discharge is extremely difficult to quantify.

Historically, inflow into the Nodak aquifer has occurred at different times from
the Fargo, WFN, WFS, and other small, unidentified aquifers in the area. These forms
of inflow no longer occur. The only likely contributions of inflow may be leakage from
the aquitards surrounding the Nodak aquifer, and from small, unidentified, unused

aquifers in the area. The rate of inflow from these sources is difficult to quantify.

94/10 AQUIFER
Aquifer size and location
The map in figure 35 shows the area that is underlain by the 94/10 aquifer.

The aquifer is a relatively small, relatively unused aquifer. The north end of the aquifer
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is not well defined. Wells have been installed for the Maple Sheyenne Association and
for Maple Sheyenne Meadows in the northwest part of section 12, T140N R50W. The
Maple Sheyenne Assoc. well was installed in 1980, and the water level at that time was
15 to 20 feet higher than the elevation of the water in observation well 140-050-13CCC
(94/10 aquifer) would be predicted to have been. The Maple Sheyenne Meadows well
was installed in 1994, and while the water level was more similar to water levels in the
94/10 aquifer, the depth of this well was over 100 feet deeper than the wells in the area
that were completed in the 94/10 aquifer, and also over 100 feet deeper than the Maple
Sheyenne Assoc. well.

Numerous test holes between the 94/10 aquifer and the WFN aquifer show no
sand or gravel sections of consequence. Water-level comparisons between the WFN and
the 94/10 aquifers also show 45 to 50 feet of elevation difference, indicating a very
significant hydraulic conductivity barrier between the two aquifers.

At the south end of the aquifer a significant water-level difference exists between
139-050-12CCC (94/10 aquifer) and 139-050-23AAA (Horace aquifer). Before 1983 the
difference was about 25 feet, and in 1997 the difference was about 15 feet. There is
clearly a hydraulic discontinuity between the 94/10 and the Horace aquifers.

Test holes in sections 3 and 11 of TI39N R50W and section 36 of T140N R50W
show no significant sand and gravel sections west of the 94/10 aquifer. The aquifer
boundary between the 94/10 and the Prosper aquifers is clear from an analysis of the
water levels of 140-050-36BBB (Prosper aquifer) and 140-050-36BAA (94/ 10 aquifer).
Water levels in 36BAA are always between 8 and 9 feet lower than water levels
measured at the same time is well 36BBB. The hydraulic gradient between the two
wells is about 16 to 18 feet per mile, a gradient indicating a poor hydraulic connection
between the 94/10 and the Prosper aquifers.

There are nine test holes and wells located in the 94/10 aquifer that were
investigated. Of these nine, eight have lithologic logs. The descriptions of the
permeable material in the logs consist predominantly of gravel in the southern part of
the aquifer, and predominantly of sand in the northern portion.

The permeable zones are found at higher elevations in the northern part of the
94/10 aquifer, and at lower elevations in the southern part of the aquifer. In the
northern part of the 94/10 aquifer found in Raymond Township (140-050) the average
depth to the top of the aquifer is 133 feet, and the average depth to the bottom of the
aquifer is 167 feet. Because the permeable zones are layered, the average thickness of
the 94/10 aquifer in Raymond Township is only 16 feet. The southern portion in
Mapleton Township (139-050) has an average depth to the top of the aquifer of 167 feet,
and an average depth to the bottom of the aquifer of about 250 feet. The average
thickness in Mapleton Township is about 80 feet.
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Figure 36 shows a south-to-north geologic section (F-F) of the 94/10 aquifer.
The coarser sands and gravels are found in the thicker portion of the aquifer in the
south, and the thin portion of the aquifer to the north is comprised of sand. Because of
the difference in the material in the aquifer, and because of the difference in the
elevation in which the aquifer material is found, it is likely that the aquifer was
deposited at different times under different conditions. The water level and the water
quality records of both parts of the aquifer show very similar patterns, and it is for this
reason the two different segments are considered as one aquifer.

Figure 36 also shows the large difference in thickness in the two parts of the
94/10 aquifer. Because the two parts each represent about half of the mapped area of
the aquifer, and because each part has half of the test holes or wells that have a
lithologic description, the average thickness figures for the aquifer probably reasonably
depict the overall aquifer thickness in spite of the wide variation in aquifer thickness.
With an average thickness of about 48 feet, and an area of about 3.2 square miles, the
approximate volume of the 94/10 aquifer is 4.3 billion cubic feet. A discussion later in
the report will address the relationship between the volume of the aquifer, and the

amount of water that is stored in this aquifer volume.

Aquifer water use and water-level history

No documented water use has been found for the 94/10 aquifer. There have
only been about a half dozen farmsteads that have been located above the aquifer, as
well as a few businesses along Highway 10. The most significant water use from the
aquifer probably resulted from the Hi-Ten Motel. The majority of the decline of water
levels that has been observed in the 94/10 aquifer has probably resulted from leakage
into the West Fargo North aquifer.

Figure 37 shows a hydrograph using all of the available water-level data for the
94/10 aquifer. In 1981 and 1983 several observation wells were installed into the
94/10 aquifer, and water-level measurements for the aquifer began at that time. The
'spike’ observed in the curve for observation well 140-050-13CCC in 1990 is not
indicative of the water level in the aquifer. The observation well was run over, clipped
off at land surface, became plugged, and water ran into the well. The water slowly
drained out of the ‘plug’, as the water level in the plugged well began to become closer
to the water level in the aquifer. The well was repaired and pumped clean, and the
water levels in this well again became indicative of water levels in the aquifer.

In 1983 the water levels for 139-050-01CCC, 139-050-12CCC, and 140-050-
36BAA were within about one foot of each other. In 1983 and 1984 a nearby aquifer
experienced a significant water-level decline, and this impacted the two southern

observation wells more than 140-050-36BAA. This point will be covered more fully in
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the section on the ground-water movement of the 94/10 aquifer. It is pointed out now
to show that even though the curves of the water-level patterns are a little different for
that time period, these observation wells appear to be very well connected, and this
indicates that they are screened in the same 94/10 aquifer unit.

The water-level patterns show a declining water level for all of the wells. From
1983 through 1996 the water level in 36BAA declined about 6 feet, and the water level
in 12CCC declined about 9 feet. This is about 0.4 and 0.6 feet per year, respectively.
For the last seven years this has been about 0.3 and 0.4 ft/yr, respectively. Most, if not

virtually all, of this decline is due to leakage into other nearby aquifers.

Aquifer water chemistry

Figures 15 through 20 show the concentrations of six different constituents for
nine aquifers in the WFAS. The first aquifer shown in each figure is the 94/10 aquifer.
Each aquifer has a variable number of different sites from which samples were collected
for analysis, and each site has a variable number of samples that were collected from
that particular site. Figures 15-20 depict only one representative sample from each

site. The number of sites for each aquifer represented in figures 15-20 is as follows:

Aquifer 94/10  Fargo Horace Nodak Ponderosa Prosper  WFN WFS W Pleasant
No. of sites 4 3 27 4 6 19 39 22 5

The depiction of the chemical character of several aquifers is limited, because there are
six or fewer sites. The 94/10 aquifer is one of these aquifers, with only four sites being
represented.

Figure 15 shows that the 94/10 aquifer is relatively low in calcium
concentration in comparison to some of the other aquifers in the area. The WFN and
the WFS aquifers show similar low concentrations, while the others show higher or
significantly higher concentrations. There are no U.S. Environmental Protection
Agency (EPA} standards, advisories, or regulations regarding calcium concentrations in
public water supplies. Calcium, along with magnesium cause water hardness, and with
certain other constituents can form scale on utensils, water heaters, boilers, and pipes.

Figure 16 shows that the 94/10 aquifer is relatively high in chloride
concentration in comparison to other aquifers in the area. The EPA has a Secondary
Maximum Contaminant Level (SMCL) of 250 mg/liter for chloride, and all samples from
the 94/10 aquifer exceed this value. There is no regulation of this SMCL, and
numerous public water supplies exceed this level. A salty taste is imparted by

concentrations above 400 mg/liter, which may impair water's usefulness for drinking
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and some other purposes. The highest values for chloride concentration in the 94/10
aquifer approximate 400 mg/liter.

Figure 17 shows that the 94/10 aquifer is among the lowest in concentration of
the group of nine aquifers with respect to hardness. Only the WFS aquifer has a lower
median value for hardness. Even though 94/10 aquifer hardness is in the low range
among the WFAS aquifers, the median value of the 94/10 aquifer hardness falls just
below the USGS category of “very hard” water, which is generally above 180 mg/liter.
There are no EPA standards, advisories, or regulations regarding hardness in public
water supplies. Calcium and magnesium are the principal cause of hardness, which
exhibits the characteristics of requiring greater quantities of soap to produce lather as
the hardness increases.

Figure 18 shows that the 94/10 aquifer is fairly high among the group of nine
aquifers with respect to the sodium concentration. Only the Prosper aquifer has a
higher median value. The EPA health advisory for sodium concentration is called a
“guidance”, and is listed at 20 mg/liter. This value of sodium concentration is below
each and every one of the sodium concentrations for every one of the 545 analyses that
were performed on the all of the samples taken from the WFAS. There are very few sites
in all of North Dakota that produce samples with sodium concentrations as low as 20
mg/liter.

Figure 19 shows that the 94/10 aquifer is among the lowest in comparison to
other aquifers in the area with respect to sulfate concentration. The EPA has both a
Drinking Water Standard (500 mg/liter) and a SMCL (250 mg/liter). The Drinking
Water Standard is proposed and is in draft form. All sites and all samples from all sites
in the 94/10 aquifer had sulfate concentrations below the lower SMCL sulfate value of
250 mg/liter. Laxative effects can be experienced with water having sulfate
concentrations above 600 mg/liter, particularly if much magnesium or sodium is
present.

Figure 20 shows that the 94/10 aquifer is among the highest of the group of
nine aquifers with respect to the total dissolved solids (TDS) concentration. Only the
Prosper and West Pleasant aquifers are higher in TDS. Sometimes referred to as
'salinity’, TDS consists mainly of the total of the dissolved mineral constituents in the
water. The EPA has a SMCL of 500 mg/liter. There is no regulation of this SMCL. The
SMCL is such that only some of the sites in the West Fargo South aquifer have TDS
lower than 500 mg/liter. Otherwise, all sites of the 94/10 aquifer and all other aquifers
in the WFAS have values for TDS that exceed this SMCL. The major effect of salinity is
that the osmotic pressure of a soil solution becomes too large with increasing salinity.
Water containing excessive dissolved solids should not be used for plants. Many waters
in the state with TDS between 500 and 1000 mg/liter are used for plants.
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The water in the 94/10 aquifer is a sodium-chloride type. The total dissolved
solids generally range from between 1050 to 1250 mg/liter, and the water is hard to
very hard. The water is suitable for many purposes, but marginal for several purposes.

Figure 38 shows the relationship between stable isotopes of ground water in the

94/10 aquifer and precipitation at Oakes, ND. The one sample had a 5180 value of
-19.4, and a §2H value of -144. When water shows large negative values for 82H and

5180, itis a sign that the water was emplaced under colder climatic conditions, and is

described as having a “cold signature”. As shown in figure 21, samples of rainfall in

North Dakota have shown values of approximately -4 to -10 for 6180 and samples of
snowfall in North Dakota have shown values of approximately -18 to -25.

The 94/10 aquifer sample is in the “snowfall” range. This value of 8180 is
strikingly cold in its signature. A value like this does not suggest modern-day recharge,
unless there is a mechanism whereby only snowmelt recharges the aquifer. This is
most unlikely. It is just as unlikely, that the aquifer is receiving any significant amount
of meteoric water as recharge. Currently the isotopic values of a water sample collected
from a 94/10 aquifer well indicate that the ground water was emplaced under colder
than present climatic conditions. Analysis of the available isotope data leads to a

conclusion that modern-day recharge is insignificant in the 94/10 aquifer.

Ground-water movement

The main tool used to determine flow paths within a complex aquifer system is
water levels. In the case of the 94/10 aquifer, regular water-level measurements began
in 1983, except for a few measurements in observation well 139-050-01CCC, which
begin in 1981. Klausing {1966) lists one 1959 water level for 139-050-02AAA. That one
1959 measurement is in agreement with the post-1983 data that shows that the water
levels in the 94/10 aquifer are higher than those measured in the WFN aquifer, and
lower than those measured in either the Prosper or Horace aquifers (see figure 35 for
spatial relationships). A high degree of uncertainty should be applied to the pre-1980s
discussion, because there is so little water-level data before 1983.

There is reason to believe that the 94/10 aquifer is like the WFN and Fargo
aquifers, in that water levels in the 94/10 aquifer were likely above land surface prior to
the 1870s. Thus, ground-water movement would have been from the aquifer to the
surface through the overlying aquitard. Because the aquifer is relatively narrow in an
east-west direction, the topographically driven east flow component was likely quite
small. There may have been a northward flow component due to the north part of the

aquifer being overlain by a land surface that was a little topographically lower than the
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land surface overlying the south end of the aquifer. Once a few wells were installed, the
water levels would have been lowered in the vicinity of those wells.

Figure 39 is a hydrograph showing the water levels measured in selected wells
from the three aquifers that lie adjacent to the 94/10 aquifer. Also included are water
levels measured for a well in the WFS aquifer, and for a well in an undefined unit lying
between the 94/10, the WFN, and the Horace aquifers. Figure 35 shows the locations
of the wells represented in figure 39.

Figure 39 shows a large difference between the water levels in the 94/10 aquifer
and the WFN aquifer (about 60 feet in 1996). During the 14 years of water-level data
collection for the 94/10 aquifer, that differential has remained pretty much the same.
Observation wells in the 94/10 aquifer are approximately 1 1/2 miles west of
observation wells in the WFN aquifer, and this results in a very high hydraulic gradient
of about 40 feet per mile. This means that it takes a large differential to move water
from the 94/10 aquifer to the WFN aquifer. Because little use was made of water from
the 94/10 aquifer in the late 1800s and the early 1900s, and because the WFN wasn't
significantly used until the 1930s, it is likely that the water levels in the 94/10 aquifer
were not very much below land surface until after the late 1930s.

After the late 1930s, the water levels in the WFN aquifer began to subside at a
rate greater than 4 feet per year. Where previously the ground-water flow in the 94/10
aquifer had been upwards towards the land surface, the combination of the poor
hydraulic connections to the WFN aquifer, along with the lower water levels in the WFN
aquifer, allowed for ground water flow from the 94/10 aquifer to the WFN aquifer. The
35-foot-deep, water-level measurement in 1959 for well 139-050-02AAA (Klausing,
1966) supports the concept that a significant hydraulic gradient existed in 1959. The
data also supports the likelihood that the water level in the 94/10 aquifer started to
decline appreciably below land surface in the 1940s, when there was an adequate
water-level differential to allow for ground-water flow from the 94/10 aquifer to the WFN
aquifer. This ground-water flow pattern is currently in place as well, and is the major
discharge from the 94/10 aquifer.

Inflow into the 94/10 aquifer is occurring from several sources. The two major
inflows are leakage from the Prosper aquifer and possibly the Horace aquifer. The fact
that leakage from the Prosper aquifer is occurring is clear. The water-level curves have
similar patterns, only the Prosper aquifer water levels are higher. As mentioned earlier
in the discussion, the hydraulic gradient between 140-050-36BBB and 140-050-36BAA
is about 16 to 18 feet per mile. This large gradient indicates a hydraulic discontinuity
occurs between these sites.

An analysis of all of the Prosper aquifer water levels also shows that the lowest

water levels in the aquifer are found at the extreme southern end of the aquifer. This
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means that a significant amount of the water in the Prosper aquifer is draining out of
the south end of the aquifer. Because there is no high yield well field at the south end
of the Prosper aquifer, one logical place for that water to be going is into the 94/10
aquifer.

The relationship with the Horace aquifer is not as clear. Even though figure 39
shows that (in 1983) observation well 139-050-23AAA (Horace aquifer) had water levels
that were about 24 feet higher than the water-level elevations in observation well 139-
050-12CCC {94/ 10 aquifer), this does not necessarily mean that water flowed from the
Horace to the 94/10 aquifer. It could be that both aquifers had ground water flowing
into the WFN aquifer which had much lower water levels than either of these two
aquifers. However, in 1983 there was a significant change in the WFAS flow system
that impacted both the Horace and the 94/10 aquifers, and gave an additional insight
as to what the flow pattern might be.

As mentioned earlier, in 1983 the city of West Fargo began to pump up to 275
million gallons per year from the WFS aquifer. Because of a connection between the
Horace and the WFS aquifer (this connection will be discussed later in the Horace
aquifer section of the report), the rate of water-level decline observed for 139-050-
23AAA increased significantly during the 1983 to 1985 time period. Because there are
no continuous water-level records for any wells in the 94/10 aquifer, it is not as clear
as it might be; however, there is a larger rate of water-level decline for 139-050-12CCC
for the 1983 to 1985 time period. It appears that the rate of ground-water flow from the
Horace to the 94/10 aquifer may have been reduced, and that this may have caused the
increased rate of the lowering of the water level in the 94/10 aquifer.

There is one other observation well represented in figure 39 that has not yet
been discussed. Observation well 139-049-18BBB does not appear to be in any of the
three aquifers that are within one mile of the well. The well is likely screened in a lens,
or a small sub aquifer that is related to at least the Horace and the WFN, and possibly
the 94/10. It is likely indicative of so many small lenses or sub aquifers in the area
that help transmit ground-water movement from one aquifer to another.

In summary, the current flow systems for the 94/10 aquifer consists of one
major outflow, and two significant inflows. The major outflow from the 94/10 aquifer is
into the WFN aquifer through the one-half to one mile of fine-grained materials that lie
between the two aquifers along a 6-mile stretch. These fine-grained materials have
sufficient sand and gravel layers to transmit some water.

The inflow is derived predominantly as leakage from the Prosper aquifer. The
one-half to one mile of fine-grained material that lie between the Prosper and the 94/10

aquifers along a 4-mile stretch, similarly conduct water from the Prosper to the 94/10
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aquifer. A lesser, but possibly significant amount of water also leaks from the Horace
aquifer to the 94/10 aquifer.

The only likely contributions of additional inflow may be leakage from the till
and clay aquitards surrounding the 94/10 aquifer, and from other small, unidentified,
unused aquifers in the area. The rate of inflow and outflow from all of these sources is
difficult to quantify.

PROSPER AQUIFER
Aquifer size and location

The map in figure 40 shows the area that is underlain by the Prosper aquifer.
The aquifer is the fourth largest aquifer in the WFAS. The north part of the aquifer is
poorly defined. The Prosper aquifer may extend further to the north-northwest than
figure 40 shows. In this area there are no wells with water-level measurements that
show significant water-level elevation differences, or test holes with lithologic
descriptions that show no significant sand or gravel units. Without such evidence to
indicate that there is a clear aquifer boundary at the north end of the aquifer the
Prosper aquifer is truncated just north of the northernmost observation well (141-050-
09AAAZ2) that has water-level measurements that relate well with water-level
measurements of other wells in the Prosper aquifer.

The aquifer boundary in virtually all of Berlin Township (T14 1N, R50W) is poorly
defined for the reasons stated in the paragraph above. The only portion of the aquifer
boundary that is fairly well defined in Berlin Township is the easternmost portion of the
Prosper aquifer where a part of the WFN aquifer lies within about a mile of the Prosper
aquifer. Observation well 141-050-23DDD (Prosper aquifer) has had water levels that
consistently have been about 40 feet higher than the water levels that have been
measured in observation well 141-049-30BBB (WFN aquifer). The 40-foot-water-level
differential occurs over a distance of about one mile. This shows clearly that the two
areas are in different aquifers, and is the only clear aquifer boundary indication for the
Prosper aquifer in Berlin Township.

In Raymond Township (T140N, R50W) there are several aquifer boundary
indications on the east and south sides, but limited evidence for the location of the
aquifer boundary exists for the west side. The lithologic log of a test hole in the south
center portion of section 3 shows no significant sand or gravel units. Further south on
the east side of the Prosper aquifer in Raymond Township, the 94/10 aquifer has water
levels that indicate a hydraulic discontinuity occurs between the two aquifers. Water
levels in observation wells 140-050-15DDDC]1 and 2 (Prosper aquifer) are consistently
about 10 feet higher than those in observation well 140-050-13CCC (94/10 aquifer).
Well 13CCC is about one mile east of 15DDDC1 and 2.
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Further evidence of the boundary between the Prosper and 94/ 10 aquifers is
found two miles to the south, where observation wells 140-050-36BBB (Prosper aquifer)
and 140-050-36BAA (94/10) are less than one-half mile apart. The difference in the
water level between the two wells is generally about 8 to 9 feet, which results in a
hydraulic gradient between the two sites of about 18 feet per mile. This clearly shows a
hydraulic discontinuity lies between the two sites, and separates the two aquifers.

On the west side of the south end of the Prosper aquifer there is another
significant water-level elevation difference that indicates an aquifer boundary. The
water levels for observation well 140-050-27CCC (no identified aquifer) have
consistently been 16 to 18 feet higher those for 140-050-26CCC (Prosper aquifer).
These two wells are about one mile apart, and the hydraulic gradient between them is
about 17 feet per mile, a gradient indicative of a poor hydrologic connection.

From this area near 27CCC, north to the area near observation well 141-050-
09AAA2 at the north end of the Prosper aquifer there is little clear evidence available to
determine a western boundary for the aquifer. The main criteria used are the presence
of deep sands and gravels, and the basic pattern that most of the aquifers in the WFAS
are between three-fourths and one and one-half mile wide. These two guiding
principles lead to the configuration of the western boundary of the Prosper aquifer, as
depicted in figure 40.

In the northwest 20 percent of Raymond Township there is a very persistent (five
lithologic descriptions describe the unit in this area) shallow sand and gravel layer that
overlies the Prosper aquifer. In fact one of the five sites, observation well 141-050-
33DDD, is screened in this shallow aquifer, and the water-level measurements in
33DDD display the same pattern of fluctuations as do the measurements of the 200-to-
300-foot-deep wells of the Prosper aquifer. There is a fairly good chance that this
shallow lens extending to the west is a well-connected portion of the Prosper aquifer.
The lens appears to be 30 to 37 feet thick, and found between the depths of 64 to 132
feet. Because there are no corroborating water-level measurements to support this
concept, this shallow lens will not be considered part of the Prosper aquifer in the
following discussion. The estimated areal extent of the Prosper aquifer is about 14.6
square miles.

There are 19 test holes and wells located in the Prosper aquifer that were
investigated. Of these 19, 15 had lithologic descriptions for a significant portion of the
aquifer interval. A few of the logs described only sand, however most of the logs
described combinations of sand and gravel. Several of the logs described primarily only
gravel. Overall the material described in the logs consists of some fine to medium to

coarse sand, with extensive gravel-sized material incorporating a significant portion of
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the permeable material in the Prosper aquifer. The shallow aquifer material consisted
of predominantly gravels with one exception.

The aquifer interval in the southern tip of the Prosper aquifer was generally
found from 200 to 250 feet below land surface, and in the rest of the aquifer the interval
was generally found below 200 feet up to 325 foot below land surface. The exception is
the overlying sand found in the central and northern portion of the aquifer as shown in
figure 41. Figure 41 is a geologic section of the Prosper aquifer (G-G') that extends from
south to north. The location of the geologic section G-G' is shown on figure 40.

The average depth to the top of the aquifer is about 210 feet below land surface,
and the average depth to the bottom of the aquifer is about 270 feet below land surface.
Overlying sand units that appear to be connected average about 124 and 167 feet,
respectively, to the top and bottom of the overlying unit. The main body of the Prosper
aquifer averages about 58 feet in thickness. The overlying gravel and sand units
average about 17 feet in thickness. Though the top and bottom average 43 feet for the
overlying aquifer units, the smaller average thickness results because overlying units
are not found at all sites. The combination of the overlying connected aquifer units and
the main Prosper aquifer results in an estimated average thickness of 75 feet for the
Prosper aquifer.

With an average thickness of about 75 feet, and an area of 14.6 square miles,
the approximate volume of the Prosper aquifer is 30.5 billion cubic feet. A discussion
later in the report will address the relationship between the volume of the aquifer, and

the amount of water that is stored in this aquifer volume.

Aquifer water use and water-level history

No significant water use from the aquifer (probably less than a million gallons
per year on the average) has been noted. There appears to have been only domestic and
farmstead wells installed into the Prosper aquifer. Probably about 20 to 25 farmsteads
have been located above the aquifer. The majority of the decline of water levels that has
been observed in the Prosper aquifer has probably resulted from leakage into the 94/10
and West Fargo North aquifers.

Figure 42 shows a hydrograph of selected sites in the northern two-thirds of the
Prosper aquifer. Figure 43 shows a hydrograph of selected sites in the southern one-
third of the Prosper aquifer. The scales for the two figures are different because of the
difference in the data in each figure. Only one observation well, 141-050-09AAA2
(figure 42), has any water-level measurements that predate 1981, and some of the wells
in both figures were not installed until the 1990s.

The clear pattern for all of the observation wells is one of declining water levels.
From 1982 to 1984 observation well 141-050-23DDD shows a rising water level,
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however it is possible that the well was partially plugged, and that it took several years
before the water levels in the observation well accurately indicated what the water levels
in the surrounding aquifer were. Subsequent sampling that has been done in the
1980s and in the 1990s would seem to indicate that the observation well is no longer
partially plugged.

The highest water-level elevations measured in the Prosper aquifer are in the
observation well furthest to the north, and the lowest levels in the aquifer are in the
observation well furthest to the south. This indicates that the most significant leakage
from the aquifer is out the south end of the aquifer. Figure 40 shows the lines of equal
water levels (potentiometric lines) that were drawn on the basis of water-level
measurements taken on November 2, 1996. The potentiometric lines in figure 40 show
a second area where there are low water levels that indicate an area of discharge from
the Prosper aquifer. The second area is around observation well 141-050-23DDD on
the east side of the Prosper aquifer where the aquifer is furthest to the east in Raymond
Township.

The hydraulic gradient from the north part of the aquifer to the south end of the
Prosper aquifer is not uniform (just as there is not a uniform hydraulic gradient with
the WFN aquifer). This lack of uniformity can indicate variations in the aquifer
transmissivity, among other things. Aquifer transmissivity is the ease with which the
aquifer allows ground-water movement through the aquifer matrix. Figure 44 shows
the map distance between the wells, and the hydraulic gradient between each two
consecutive wells going from north to south. The hydraulic gradient is the water-level
difference in feet between two wells expressed as a gradient in feet per mile.

Figure 44 shows that the hydraulic gradient from the north end of the Prosper
aquifer to the south end averages about 2 feet per mile. However, some portions are 1
foot per mile or less, while other portions are 5 feet per mile or greater. At the north
end the hydraulic gradient is smaller because there is leakage out of the aquifer in the
vicinity of 141-050-23DDD, and so there is less flow to the south along the axis of the
aquifer into Raymond Township. In close to this area that leaks ground water from the
Prosper aquifer to the WFN aquifer, the hydraulic gradient is larger as the ground water
flows into and through a more narrow, constricted area.

However, out away from the “steep” water-level slope coming into the cone that
develops, there is at the edge of the cone a flatter configuration of the water level. The
result is that to the south, west, and north there are water levels that are all the same
elevation. This effect further flattens the water-level surface, and makes the hydraulic
gradient smaller, because measuring the gradient from north to south in this area
means measuring the gradient sort of parallel and not at right angles to the

potentiometric lines. Thus, the small hydraulic gradient in the vicinity of observation
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wells 141-050-09AAA2, 141-050-23CCC2, and 140-050-09ABB may be partially due to
this 'lip of the cone' effect.

Conversely, the larger hydraulic gradient in the vicinity of 139-050-02BAA may
be partially due to being closer to the center of the cone of depression. Even though
there may be mitigating effects in certain parts of the Prosper aquifer, there are still
portions of the aquifer where the changes in the hydraulic gradient most likely do
indicate changes in aquifer transmissivity. One such area is the reach between 140-
050-15BBB and 140-050-15DDDC1 and 2, where there is a hydraulic gradient of
almost 5 feet per mile. In this reach it is likely that the aquifer material is not as
permeable, or the aquifer cross-sectional area is not as large.

The water levels in the observation wells in the northern two-thirds of the
Prosper aquifer have declined about 0.3 feet per year (see Figures 42 and 43) over the
last 15 years. The water levels in the observation wells on the south end of the Prosper
aquifer have declined about 0.4 feet per year over the last 15 years. For the last seven
years, this rate has lessened to 0.2 feet per year for the northern portion of the aquifer,
and 0.25 feet per year for the southern wells in the Prosper aquifer. Virtually all of this
decline appears to be due to leakage to the 94/10 and the WFN aquifers.

Aquifer water chemistry

Figures 15 through 20 show the concentrations of six different constituents for
nine aquifers in the WFAS. The sixth aquifer shown in each figure is the Prosper
aquifer. Each aquifer has a variable number of different sites from which samples were
collected for analysis, and each site has a variable number of samples that were
collected from that particular site. Figures 15-20 depict only one representative sample

from each site. The number of sites for each aquifer represented in figures 15-20 is as

follows:
Aquifer 94110  Fargo Horace Nodak Ponderosa Prosper ~ WFN WFS W Pleasant
No. of sites 4 3 27 4 6 19 39 22 5

The depiction of the chemical character of several aquifers is limited, because there are
six or fewer sites. Because 19 sites have chemical data available, there is a good
representation of the general character of the water quality for the Prosper aquifer.
Figure 15 shows that the Prosper aquifer is in the middle range of calcium
concentration in comparison to the other aquifers in the area. The range of values is
similar to the Ponderosa aquifer. However, the median value is significantly lower.
There are no U.S. Environmental Protection Agency (EPA) standards, advisories, or

regulations regarding calcium concentrations in public water supplies. Calcium, along

98



with magnesium cause water hardness, and with certain other constituents can form
scale on utensils, water heaters, boilers, and pipes.

Figure 16 shows that the Prosper aquifer is very high in chloride concentration
in comparison to other aquifers in the area. Both the median and extreme values for
the Prosper aquifer are higher in chloride concentration than for any other of the
aquifers of the WFAS. The EPA has a Secondary Maximum Contaminant Level (SMCL)
of 250 mg/liter for chloride, and all but one of the samples from the Prosper aquifer
exceed this value. There is no regulation of this SMCL, and numerous public water
supplies exceed this level. A salty taste is imparted by concentrations above 400
mg/liter, which may impair water's usefulness for drinking and some other purposes.
The highest values for chloride concentration in the Prosper aquifer are well over the
400 mg/liter level. Even the median value exceeds 400 mg/liter.

Figure 17 shows that the Prosper aquifer is in the middle range of the group of
nine aquifers with respect to hardness. About 90 percent of the Prosper aquifer
hardness values are in the USGS category of “very hard” water, which is generally above
180 mg/liter. The remaining values fall into the “hard” category. There are no EPA
standards, advisories, or regulations regarding hardness in public water supplies.
Calcium and magnesium are the principal cause of hardness, which exhibits the
characteristics of requiring greater quantities of soap to produce lather as the hardness
increases.

Figure 18 shows that the Prosper aquifer is the highest among the group of nine
aquifers with respect to the sodium concentration. The EPA health advisory for sodium
concentration is called a “guidance”, and is listed at 20 mg/liter. This value of sodium
concentration is below each and every one of the sodium concentrations for every one of
the 545 analyses that were performed on the all of the samples taken from the WFAS.
There are very few sites in all of North Dakota that produce samples with sodium
concentrations as low as 20 mg/liter.

Figure 19 shows that the Prosper aquifer is among the highest in comparison to
other aquifers in the area with respect to sulfate concentration. Only the West Pleasant
aquifer has a higher median value than the Prosper aquifer. The EPA has both a
Drinking Water Standard (500 mg/liter) and a SMCL (250 mg/liter). The Drinking
Water Standard is proposed and is in draft form. The median value for the Prosper
aquifer is about the equivalent of the SMCL, and only two outliers have values that
exceed the EPA Drinking Water Standard. Laxative effects can be experienced with
water having sulfate concentrations above 600 mg/liter, particularly if much
magnesium or sodium is present. The same two outliers exceed 600 mg/liter.

Figure 20 shows that the Prosper aquifer is among the highest of the group of

nine aquifers with respect to the TDS concentration. Only the West Pleasant aquifer
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has a higher median value for TDS, however, the Prosper aquifer has higher outlier
values for TDS than does the West Pleasant aquifer. Sometimes referred to as 'salinity’,
TDS consists mainly of the total of the dissolved mineral constituents in the water. The
EPA has a SMCL of 500 mg/liter. There is no regulation of this SMCL. The SMCL is
such that only some of the sites in the West Fargo South aquifer have TDS lower than
500 mg/liter. Otherwise, all sites that were sampled from the Prosper aquifer and all
other aquifers in the WFAS have values for TDS that exceed this SMCL. The major
effect of salinity is that the osmotic pressure of a soil solution becomes too large with
increasing salinity. Water containing excessive dissolved solids should not be used for
plants. Many waters in the state with TDS between 500 and 1000 mg/liter are used for
plants. Most of the water from the Prosper aquifer is not suitable for plants.

The water in the Prosper aquifer is a sodium-chloride type. The total dissolved
solids range from between 1,000 to over 3,000 mg/liter, and the water is mostly very
hard. The water is marginal for most purposes.

Figure 45 shows the relationship between stable isotopes of ground water in the

Prosper aquifer and precipitation at Oakes, ND. The eight sites had a 8180 value that
ranged from -16.1 to -20.0, and a 82H value that ranged from -122 to -147. When

water shows large negative values for 82H and 5180, it is a sign that the water was
emplaced under colder climatic conditions, and is described as having a “cold

signature”. As shown in figure 21, samples of rainfall in North Dakota have shown

values of approximately -4 to -10 for 8180 and samples of snowfall in North Dakota
have shown values of approximately -18 to -25.

The Prosper aquifer samples are in the “snowfall” range, except for two sites that
show significant depletion in the two stable isotopes, but do fall slightly outside of the

“snowfall” zone between the “snowfall” and “rainfall” zones. This range of 5180 values
is strikingly cold in its signature. This range does not suggest modern-day recharge,
unless there is a mechanism whereby only snowmelt recharges the aquifer. This is
most unlikely. It is just as unlikely, that the aquifer is receiving any significant amount
of meteoric water as recharge. Currently the isotopic values of water samples collected
from Prosper aquifer wells indicate that the ground water was emplaced under colder
than present climatic conditions. Analysis of the available isotope data leads to a

conclusion that modern-day recharge is insignificant in the Prosper aquifer.

Ground-water movement

Virtually all of the available water-level data for the Prosper aquifer has been
acquired since 1983. Only one observation well (141-050-09AAA2) has any
measurements that predate 1981. Klausing (1966) lists four domestic wells screened in
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the Prosper aquifer that have one water-level measurement in the 1960s. As mentioned
earlier, there is no water use data available, and there are no indications that there has
been any use made of the Prosper aquifer other than water that was used for
farmsteads and individual homes.

Before any development occurred anywhere in the Fargo/Moorhead area, it is
likely that the water level in the Prosper aquifer was at or above land surface. While
there is no direct evidence of this, the fact that several other nearby aquifers did have
water levels above land surface, indicates that the Prosper aquifer water levels were
probably at or above land surface at the time the first wells were being installed in the
study area. Thus ground-water movement would have been from the aquifer to the
surface via the overlying aquitard consisting of till and lake clay. The aquifer is narrow
in an east-west direction, and the topographically-driven eastern flow component was
likely quite small. There may have been a northward flow component due to the north
part of the aquifer being overlain by a topographically lower land surface. Once a few
wells were installed, the water levels would have been lowered in the vicinity of those
wells.

Because the areas closer to the Red River (towards the east) were settled earlier,
and because those settlements were more densely populated, and required more water,
the use of more water resulted in lower water levels to the east (see the earlier
discussions on the WFN, Fargo, and Nodak aquifers). As mentioned earlier, when the
water levels in the WFN aquifer began to decline significantly, ground water in the
94/10 aquiifer began to leak significantly into the WFN aquifer, and ground water from
the Prosper aquifer began to leak into both the WFN and 94/10 aquifers. This leakage
most likely occurred in the vicinity of observation wells 141-050-33DDD, 140-050-
36BBB, and 139-050-02BAA.

The earliest direct evidence of the Prosper aquifer ground-water flow pattern is
found in the 1960s. The four domestic wells that have water-level measurements in the
1960s show that the well furthest to the north had the highest water-level elevation.
The next lower water level was in the well that was the next furthest south, and so on
until the southernmost well had the lowest water-level elevation.

Figures 42 and 43 show this same relationship of the highest water-level
elevations in the north, and the lowest water-level elevations in the south for the time
period since 1983. Besides showing the north-to-south ground-water movement, the
potentiometric surface shown in figure 40 also indicates that the leakage is occurring in
the vicinity of observation wells 141-050-23DDD, 140-050-36BBB, and 139-050-
02BAA. While the general locations of the outflow from the Prosper aquifer is fairly

clear, the magnitude of that ground-water movement is not. Neither hydraulic
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properties of the material connecting the two aquifers, nor the cross-sectional area
through which the ground water is moving is known to any reasonable degree.

Figure 46 shows a five-year time period that was selected to compare the
hydraulic gradient between observation wells with screens completed in the Prosper
aquifer, and observation wells that are located near those Prosper wells, but are
completed in a different aquifer. Wells 140-050-13CCC, 140-050-36BAA, and 139-050-
01CCC have well screens completed in the 94/10 aquifer, and observation well 141-
049-30BBB is completed in the WFN aquifer (see figure 40 for locations).

Figure 46 shows each pair of locations as having the same symbol, the first of
which is a filled symbol indicating the Prosper well, and the second as an open symbol
indicating the nearby observation well to the east. The legend shows every second
location (2nd, 4th, 6th, and 8th) with the distance it is from the location listed above it.
The numbers seen on the right side of the figure indicate the water-level difference
between each two nearby wells that are completed in the two different aquifers.

The purpose of this figure is to show the relative difference in the leakage from
the Prosper aquifer going into the 94/10 aquifer, in comparison to the leakage going
into the WFN aquifer. While the cross-sectional area through which the ground-water
movement is occurring is not known, the three pairs of sites relating the Prosper and
the 94/10 are stretched across a 3- to 4-mile reach on the east side of the south end of
the Prosper aquifer. The hydraulic gradient between the related pairs of observation
wells range from about 8 to 18 feet per mile. A hydraulic gradient of 8 feet per mile
indicates a fairly good connection between the two aquifers. Two sites could almost be
considered as being within one aquifer when the hydraulic gradient is less than 6 to 9
feet per mile in these circumstances.

Figure 46 shows that the connection between the Prosper and the WFN aquifers
exists over a much smaller reach (possibly as small as only several hundred feet), and
that the hydraulic gradient is about 36 feet per mile. This is 2 to 4.5 times the
hydraulic gradient observed at the south end of the Prosper aquifer. A larger hydraulic
gradient will drive more ground-water movement through a comparable cross-sectional
area of material. However, the material between the Prosper aquifer and the WFN
aquifer, even if the thickness is equal, is possibly 50 times less permeable than the
material between the Prosper aquifer and the 94/10. It is an unfounded guess to say
that the thickness is comparable, but if it were, there might be 10 to 20 times as much
movement of water going from the Prosper aquifer to the 94/10 than there is from the
Prosper to the WFN.

Inflow into the Prosper aquifer likely occurs as a result of the leakage of other
small, unidentified aquifers in the area, and from the aquitards surrounding the

Prosper aquifer. One possibly significant source of leakage is an unnamed, shallow

103



860 | | 1 ]

| : | —@— 14005015DDDC1 5

—&&— 14005013CCC (1.1 mi.)

- | —&— 14005036BB8 =

i | —A—— 14005036BAA (0.5 mi.) | :
i | —e— 13905002BAA =
L | | —o— 13905001CcCC (1.1 mi) | |
i | —#— 14105023DDD

8201 | —B— 14104930BBB (1.0 mi) |

ELEVATION (feet above m.s.l.)

SEIRRILERRRIE1EN]
810 | 1 | ] i |
91 '92  '93  '94 '95

TIME (year)

FIGURE 46. Hydrograph of selected observation
wells located in or near the Prosper
aquifer.

104



aquifer found in the northwest corner of Raymond Township. This aquifer appears to
occur fairly consistently in about a 6 to 8 square mile area at depths of about 65 to 130
feet. One of the sites that appears to be in this small unnamed aquifer has water levels
that relate well to the Prosper aquifer. Significant leakage into the Prosper aquifer
could be from this aquifer.

Otherwise, the bulk of the water entering the Prosper aquifer is very likely
drainage from aquitards surrounding the aquifer. These aquitards give up water very
slowly to the Prosper aquifer. Also it is likely that some small sand and gravel units

contribute water to the Prosper aquifer on a very small scale.

WEST PLEASANT AQUIFER
Aquifer size and location

The map in figure 47 shows the area that is underlain by the West Pleasant
aquifer. The aquifer is a small, relatively shallow aquifer that parallels the west side of
the Horace aquifer for about 5 to 6 miles. Figure 48 shows a geologic section of the
aquifer (geologic section H-H'). The south end of the West Pleasant aquifer appears to
be the deepest, especially on the east side. The separation between the West Pleasant
aquifer and the Horace aquifer is quite narrow, possibly less than 2,000 feet in places.
The aquifer is closely related, hydrologically, to the Horace aquifer.

The limits of the east side of the West Pleasant aquifer are not clear
lithologically, however there are water-level differences that clearly indicate a hydraulic
discontinuity between the observation wells in the West Pleasant aquifer and the
observation wells in the Horace aquifer. In the report by Ulteig Engineers, Inc. (1979b)
water-level measurements showed a 10-foot difference between observation wells 137-
049-06CCD (West Pleasant aquifer) and 137-049-07AAA (Horace aquifer) in 1977. The
distance between these wells is less than one mile. The same report also showed a 12-
foot difference between 137-049-29ADD (West Pleasant aquifer) and 137-049-28BAA
(Horace aquifer). The distance between these wells is about 0.7 miles.

Beyond the north and south ends of the West Pleasant aquifer there are test
holes that show an absence of any significant sand or gravel layers. There is little test-
hole information to delineate the western boundary of the West Pleasant aquifer. There
is also inadequate water-level information to note any aquifer boundaries. The
boundaries are drawn as they are on the west side, because the general nature
observed for most of the aquifers in the WFAS is that they are between three-fourths
and one and one-half miles wide. Additionally, the aquifer appears to thin toward the
west. The estimated areal extent of the West Pleasant aquifer is about 3.2 square miles.

There are ten test holes and wells located in the West Pleasant aquifer that were

investigated. Of these ten, eight had lithologic descriptions for a significant portion of
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the aquifer interval. The West Pleasant aquifer is predominantly comprised of poorly-
sorted to well-sorted sands and gravels. Every lithologic description had significant
amounts of gravel in the description, except for the lithologic description for 137-049-
29ADD, which was comprised entirely of a well-sorted, medium-to-coarse sand.

The average depth to the top of the West Pleasant aquifer is about 90 feet below
land surface. The top of the aquifer ranges from 70 to 110 feet below land surface. The
bottom of the aquifer is not as uniform and consistent. Most of the lithologic
descriptions for holes drilled into the West Pleasant aquifer show the sand and gravel
ending within about 100 feet (plus or minus 20 feet) below land surface. There are a
few holes that show sand and gravel at depths of up to 150 to 180 feet, and one test
hole, 29ADD, showed a depth of 275 feet below land surface. The average depth to the
bottom of the aquifer is about 145 feet below land surface. The average thickness of the
West Pleasant aquifer is about 57 feet.

With an average thickness of about 57 feet, and an area of about 3.2 square
miles, the approximate volume of the West Pleasant aquifer is 5 billion cubic feet. A
discussion later in the report will address the relationship between the volume of the

aquifer, and the amount of water that is stored in this aquifer volume.

Aquifer water use and water-level history

There is no documented water-use data for the West Pleasant aquifer. There
have likely been five to ten farmsteads overlying the aquifer. Water use from the aquifer
has been quite small. It is likely that virtually all of the water-level decline that has
occurred in the West Pleasant aquifer is due to leakage into the Horace aquifer.

Figure 49 shows a hydrograph of the water-level measurements for three
observation wells screened in the West Pleasant aquifer. All three wells display
declining water levels. Figure 50 shows a hydrograph with the same three wells
included, along with the water-level measurements for four observation wells located in
the nearby Horace aquifer. The lowest curve is a plot of the measurements for
observation well 138-049-29CCC. The curve shows several irregularities in the late
1980s and early 1990s that are a result of the well being plugged and the unsuccessful
efforts to clean out the material plugging the well. It is believed that there was road
construction in the mid-1980s that may have damaged the well. It is probable that the
water-level record for this site is valid for the time period before 1984, and possibly
1987. Post-1987 measurements should be ignored.

Figure 51 shows a hydrograph of four of the seven observation wells that were
shown on figure 50, however this shows better detail because the scale for figure 51
shows a smaller range of elevation and fewer years. The main intent of these

hydrographs is to show the relationship between the Horace water levels and the West
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Pleasant water levels. In all instances the Horace water levels are lower, and the
patterns of both aquifers are fairly similar. The conclusion is that even though there
has been very little water withdrawn from the West Pleasant aquifer, the water use in
the Horace aquifer, and aquifers that the Horace aquifer is connected to have caused
most of the water-level decline observed in the West Pleasant aquifer.

Figures 49, 50, and 51 show that water levels were declining at a rate of about
0.5 feet per year from 1965 until 1983. In 1983 the city of West Fargo began utilizing
up to about 275 Mg/y from a part of the WFS aquifer that is indirectly connected to the
Horace aquifer. Figures 50 and 51 show the increase in the rate of water-level decline
that occurred in the Horace observation wells when the city of West Fargo began to
utilize the WFS aquifer for part of their water supply in 1983. This decline in the
Horace water levels led to the decline in the West Pleasant aquifer water levels.

Figure 49 shows that the water levels have declined on the average about 0.9
feet per year from the start of 1982 until the end of 1996. The average decline from the
start of 1991 to the end of 1996 has been about 0.5 feet per year. Virtually all of this
decline in the West Pleasant aquifer water levels appears to be due to leakage to the

Horace aquifer.

Aquifer water chemistry

Figures 15 through 20 show the concentrations of six different constituents for
nine aquifers in the WFAS. The ninth aquifer shown in each figure is the West Pleasant
aquifer. Each aquifer has a variable number of different sites from which samples were
collected for analysis, and each site has a variable number of samples that were
collected from that particular site. Figures 15-20 depict only one representative sample

from each site. The number of sites for each aquifer represented in figures 15-20 is as

follows:
Aquifer 94/10  Fargo Horace Nodak Ponderosa Prosper ~WFN WFS W Pleasant
No. of sites 4 3 27 4 6 19 39 22 5

The depiction of the chemical character of several aquifers is limited, because there are
six or fewer sites. The West Pleasant aquifer is one of these aquifers, with only five sites
being represented.

Figure 15 shows that the West Pleasant aquifer is the aquifer with one of the
largest ranges of calcium concentration in comparison to the other aquifers in the area.
The median value of calcium concentration for the West Pleasant aquifer is much
higher than for any other aquifer. There are no U.S. Environmental Protection Agency

(EPA) standards, advisories, or regulations regarding calcium concentrations in public
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water supplies. Calcium, along with magnesium cause water hardness, and with
certain other constituents can form scale on utensils, water heaters, boilers, and pipes.

Figure 16 shows that the West Pleasant aquifer is high in chloride concentration
in comparison to other aquifers in the area. Both the median and extreme values for
the West Pleasant aquifer are the third highest in chloride concentration among the
other aquifers of the WFAS. The EPA has a Secondary Maximum Contaminant Level
(SMCL) of 250 mg/liter for chloride, and most of the samples from the West Pleasant
aquifer exceed this value. There is no regulation of this SMCL, and numerous public
water supplies exceed this level. A salty taste is imparted by concentrations above 400
mg/liter, which may impair water's usefulness for drinking and some other purposes.
Some of the highest values for chloride concentration in the West Pleasant aquifer are
over the 400 mg/liter level.

Figure 17 shows that the West Pleasant aquifer has the largest median value
with respect to hardness of the group of the nine aquifers. All of the West Pleasant
aquifer hardness values significantly exceed the USGS category of “very hard” water,
which is generally above 180 mg/liter. There are no EPA standards, advisories, or
regulations regarding hardness in public water supplies. Calcium and magnesium are
the principal cause of hardness, which exhibits the characteristics of requiring greater
quantities of soap to produce lather as the hardness increases.

Figure 18 shows that the West Pleasant aquifer is among the highest among the
group of nine aquifers with respect to the sodium concentration. The EPA health
advisory for sodium concentration is called a “guidance”, and is listed at 20 mg/liter.
This value of sodium concentration is below each and every one of the sodium
concentrations for every one of the 545 analyses that were performed on the all of the
samples taken from the WFAS. There are very few sites in all of North Dakota that
produce samples with sodium concentrations as low as 20 mg/liter.

Figure 19 shows that the West Pleasant aquifer is extremely high in comparison
to other aquifers in the area with respect to sulfate concentration. The West Pleasant
aquifer has a median value for sulfate that is almost twice as high as the next highest
median value for any of the other aquifers in the area. The EPA has both a Drinking
Water Standard (500 mg/liter) and a SMCL (250 mg/liter). The Drinking Water
Standard is proposed .and is in draft form. The median value for the Prosper aquifer
exceeds the EPA Drinking Water Standard. Laxative effects can be experienced with
water having sulfate concentrations above 600 mg/liter, particularly if much
magnesium or sodium is present. Outliers exceed the 600 mg/liter value.

Figure 20 shows that the West Pleasant aquifer is among the highest of the
group of nine aquifers with respect to the total dissolved solids (TDS) concentration.

The West Pleasant aquifer has the largest median value for TDS. Sometimes referred to
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as 'salinity’, TDS consists mainly of the total of the dissolved mineral constituents in the
water. The EPA has a SMCL of 500 mg/liter. There is no regulation of this SMCL. The
SMCL is such that only some of the sites in the West Fargo South aquifer have TDS
lower than 500 mg/liter. Otherwise, all sites that were sampled from the West Pleasant
aquifer and all other aquifers in the WFAS have values for TDS that exceed this SMCL.
The major effect of salinity is that the osmotic pressure of a soil solution becomes too
large with increasing salinity. Water containing excessive dissolved solids should not be
used for plants. Many waters in the state with TDS between 500 and 1000 mg/liter are
used for plants. Most of the water from the West Pleasant aquifer is not suitable for
plants.

Because so many constituents are high in the water sample analyses from the
West Pleasant aquifer, there is no dominant anion, and calcium is very slightly the
dominant cation. The total dissolved solids range from between 800 to over 1900
mg/liter, and the water is extremely hard. The water is marginal for most purposes.

Figure 52 shows the relationship between stable isotopes of ground water in the
West Pleasant aquifer and precipitation at Oakes, ND. The one sample had a 5180
value of -19.6, and a 82H value of -154. When water shows large negative values for

82H and 5180, it is a sign that the water was emplaced under colder climatic

conditions, and is described as having a “cold signature”. Samples of rainfall in North

Dakota have shown (figure 21) values of approximately -4 to -10 for 5180 and samples
of snowfall in North Dakota have shown values of approximately -18 to -25.
The West Pleasant aquifer sample is in the middle of the “snowfall” range. This

value of 8180 is strikingly cold in its signature. A value like this does not suggest
modern-day recharge, unless there is a mechanism whereby only snowmelt recharges
the aquifer. This is most unlikely. It is just as unlikely, that the aquifer is receiving
any significant amount of meteoric water as recharge. Currently the isotopic values of a
water sample collected from a West Pleasant aquifer well indicate that the ground water
was emplaced under colder than present climatic conditions. Analysis of the available
isotope data leads to a conclusion that modern-day recharge is insignificant in the West

Pleasant aquifer.

Ground-water movement

One of the main tools used to determine flow paths within a complex flow system
is the analysis of historic water-level measurements. The first such measurements for
the West Pleasant aquifer were taken in 1964. The West Pleasant aquifer observation
well (137-049-30AAA) is the only well that has measurements that go back that far in

time. Water-level measurements for the other observation wells in the West Pleasant
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aquifer begin in 1979. As a result, the discussion about the ground-water movement
that predates 1979, and especially 1964, has a higher degree of uncertainty associated
with it.

It is likely that the West Pleasant aquifer is similar to the WFN and the Fargo
aquifers (aquifers that have a longer record of water levels), in that the water levels were
probably at, or slightly above, land surface before the area was settled. As with those
aquifers, it is likely that ground-water movement in the West Pleasant aquifer before the
late 1800s went upward from the aquifer, toward land surface, where the water levels
were lower. The ground-water levels at the surface were likely lower, because the
evapotranspiration processes withdrew water at land surface, especially in low-lying
areas.

Because the lake clays that lie between the West Pleasant aquifer and the land
surface are so continuous, thick {generally about 60 to 70 feet), and characterized by a
small hydraulic conductivity, upward ground-water movement was likely slow and
minimal. Occasional till layers near the surface, and occasional small sand lenses
within the lake clay change this scenario very little. Because no water had been
withdrawn from any other aquifers in this area, the water levels in the different aquifers
were likely fairly similar. There was probably very little lateral ground-water movement,
except for the north and east flow resulting from topographic influences.

In the late 1800s certain aquifers did have water withdrawn from them, and
there was a water-level decline that occurred in those aquifers that were utilized for a
ground-water supply. These water-level declines, in turn, likely caused water to seep
from other nearby, untapped aquifers into the first aquifers that were used. Depending
on the degree of connection between the untapped aquifer with the higher water levels,
and the aquifer used for a ground-water supply with the lower water levels, there would
have been some flow into the utilized aquifer. Due to the lack of water-level
measurements in this area, it is not possible to state when the water levels in the West
Pleasant aquifer began to decline from this influence. It is likely that water-level
declines began somewhere in the time period from the early 1900s to the 1930s.

Figure 10 shows the 85 feet of water-level decline that occurred in a WFN aquifer
well from 1937 to 1964, and figure 26 shows the 100 feet of water-level decline that
occurred in the Fargo aquifer from 1937 to 1981. It is likely that some water-level
decline occurred in this time period within the West Pleasant aquifer. The first recorded
data on actual water levels in the West Pleasant aquifer are shown in figure 49. The
water levels were about 25 to 30 feet below land surface in 1964. Because farmsteads
were so few in number and because there were no towns overlying the aquifer, it is most
improbable that the 'assumed’ water-level decline occurred only from direct use of the

West Pleasant aquifer.
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Figure 50 shows water levels for several wells in both the West Pleasant aquifer
and in the Horace aquifer. Two wells on this graph have measurements that date back
to 1964. They are observation well 137-049-30AAA (West Pleasant aquifer) and
observation well 138-049-29CCC (Horace aquifer). Figure 47 shows that they are about
5 miles apart. Another Horace observation well, 137-049-20DAA, is about a mile away
from 30AAA, and about 4 1/2 miles from 29CCC. From the 1979 to 1996 time period
the water levels in 30AAA have been 10 to 13 feet lower than the water levels in 20DAA,
resulting in a hydraulic gradient of 2 to 3 feet per mile. It is likely that a similar
hydraulic gradient has been maintained for many years, ever since the Horace aquifer
began to respond to ground-water withdrawals from other aquifers in the area. There
are areas north of the city of Horace where leakage occurs from the Horace aquifer to
both the WFN and the WFS aquifers.

The relationship between 20DAA and 29CCC is discussed, because it is likely
the leakage that is currently occurring from the West Pleasant aquifer to the Horace
aquifer across much of the eastern margin of the West Pleasant aquifer has occurred
historically as long as water levels were lower in the Horace aquifer than they were in
the West Pleasant aquifer. Thus, flow likely also occurred from the area around 30AAA
toward the area around 20DAA. In this instance the water-level difference has been
about 5 to 9 feet, and results in a gradient that represents a well connected, but
different aquifer.

Figure 51 shows two pairs of nearby observation wells that indicate the water-
level differences between the West Pleasant aquifer and the Horace aquifer for the time
period 1979 to 1996. At the north end of the West Pleasant aquifer observation well
137-049-06CCD has water levels that are about 20 feet higher than the water levels for
observation well 138-049-31DDD, which is about 1.4 miles away. This results in a
hydraulic gradient of about 15 feet per mile. If the flow from the West Pleasant aquifer
to the Horace aquifer were evenly distributed across the full reach of the east side of the
West Pleasant aquifer, the hydraulic gradients would be fairly similar. The fact that the
hydraulic gradient is lower at the southern end of the West Pleasant aquifer, indicates
that the aquifers are probably better connected at the south end of the West Pleasant
aquifer.

Figure 50 shows all three of the West Pleasant aquifer wells that have regularly
measured water levels. While all three wells have very similar water-level elevations
(within about 2 feet of each other), the central well consistently has the highest water
levels. This means that within the aquifer there is some ground-water movement from
the central portion of the West Pleasant aquifer toward the north and south ends.
However, it is likely that most of the ground-water movement is toward the east, and

the Horace aquifer.
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Inflow into the West Pleasant aquifer likely occurs as a result of the leakage from
the aquitards surrounding the West Pleasant aquifer. This fine-grained material gives
up water very slowly to the West Pleasant aquifer. There may be small sand and gravel
lenses that are slightly or moderately connected to the West Pleasant aquifer that

contribute leakage as well.

HORACE AQUIFER
Aquifer size and location

The map in Figure 53 shows the area that is underlain by the Horace aquifer.
The aquifer stretches out for about 22 miles in a north-northwest/south-southeast
direction. It is generally relatively narrow (approximately one mile in width), and
appears to be the result of two coalescing channels. The western channel-like feature is
the longest part of the Horace aquifer (about 22 miles), and the eastern channel-like
feature is about 9 1/2 miles in length. Where the two portions of the Horace aquifer
coalesce, the aquifer width may be as much as 2 and 1/2 miles. Figure 53 also shows
the location of geologic sections I-I' (western portion) and J-J' (eastern portion).

Starting at the north end of the Horace aquifer, the existence of a boundary
between the Horace aquifer and the 94 /10 aquifer is clear from the significant water-
level difference between the two aquifers. Water-level elevations from two observation
wells {one in each aquifer) that are located about one mile apart have shown water-level
differences of between 15 and 24 feet.

Moving south along the west side of the Horace aquifer, before reaching the
north end of the West Pleasant aquifer, there are a few test holes that show an absence
of sand and gravel units. There are also, however, a few test holes or wells to the west
of the Horace aquifer that have lithologic descriptions that depict significant sand or
gravel units. Inadequate information exists to show whether these are connected
(tributary-like) units, or if they are relatively unconnected isolated sand and gravel
lenses. Because there are occasional lithologic logs showing no sand or gravel intervals
that result in a fairly consistent width to the Horace aquifer of about 3/4 of a mile to 1
mile, these individual units are not shown as being part of the Horace aquifer. It could
be that some of them are part of the Horace aquifer, and that there is a greater width to
the Horace aquifer in some places on the west side.

The limit of the west side of the Horace aquifer in the vicinity of the West
Pleasant aquifer is not clear lithologically. However, there are water-level differences
that clearly indicate a zone of reduced hydraulic conductivity between the observation
wells in the Horace aquifer and the observation wells in the West Pleasant aquifer. In
the report by Ulteig Engineers, Inc. (1979b} water-level measurements showed a 10-foot
difference between observation wells 137-049-06CCD (West Pleasant aquifer) and
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137-049-07AAA (Horace aquifer} in 1977. The distance between these wells is less than
one mile. The same report also showed a 12-foot difference between 137-049-29ADD
(West Pleasant aquifer) and 137-049-28BAA (Horace aquifer). The distance between
these wells is about 0.7 miles. The hydraulic gradients that result from these water-
level differences at these distances are 10 feet per mile or greater, and indicate that
these two aquifers are possibly related, but not continuous.

The aquifer boundary on the southwest side of the Horace aquifer is estimated
based upon the few lithologic logs that show little or no sand or gravel intervals. At the
far south end of the Horace aquifer, water-level differences indicate that the aquifer
appears to terminate just south and east of the city of Christine.

There is little data available to accurately depict the east margin of the east
portion of the Horace aquifer. There is only one test hole at the south end of the Horace
aquifer with a lithologic log, and one observation well with water-level measurements at
the north end of the east portion of the Horace aquifer that can be used to infer aquifer
boundaries. There may be tributary-like sand and gravel bodies located along the Red
River that are connected to the Horace aquifer. Without direct evidence, however, the
east margin of the east portion of the Horace aquifer is drawn solely on the basis of the
lithologic log in the south showing no significant sand or gravel, and the 15-foot water-
level difference between two observation wells that are about 1.3 miles apart.

Near the center of Pleasant Township (T137N, R49W) the Horace and the West
Fargo South aquifers are less than one-half mile apart. There are two observation wells
with water levels that are about 7 to 8 feet different in elevation. These two wells are
about one-half mile apart, resulting in a hydraulic gradient between the two aquifers of
at least 15 feet per mile. The two aquifers are clearly related (based upon water-level
patterns), but there is a signiﬁcant zone of small hydraulic conductivity that separates
the two aquifers so that a hydraulic gradient as high as 15 feet per mile can be
maintained.

Figure 53 shows an area between the east portion and the west portion of the
Horace aquifer that is not aquifer material. The basis of this area is predicated on two
factors. There is one test hole near the county line with a lithologic log that shows no
significant sand or gravel. The aquifer discontinuity that is observed at the county line
is projected northward based on the fact that the water-level patterns become more and
more dissimilar with distance north from the county line. The aquifer discontinuity is
also projected northward on the basis of extending the channel-like character that both
segments of the Horace aquifer display.

The eastern margin of the western portion of the Horace aquifer along the reach
from the southern end of the WFS aquifer north to the southern end of the Ponderosa

aquifer is based on several test holes showing no aquifer section between the WFS and

120



Horace aquifers. Additionally, the water-level data shows distinctly different patterns.
There are also significant water quality differences observed in the analyses of samples
taken from the Horace and the WFS aquifers.

The interpretation of a boundary between the Ponderosa and Horace aquifers is
based on differences in water-level elevations. The water-level elevation differences in
two observation wells about one-half mile apart are consistently about 7 feet, resulting
in a hydraulic gradient of about 15 feet per mile. This is indicative of a zone of small
hydraulic conductivity between the two aquifers.

Finally, the non-aquifer area shown on figure 53 that lies between the Horace,
Ponderosa, WFN, and 94/10 aquifer is based on lithologic log and water-level data. The
lithologic log from one test hole in that area shows very limited aquifer material.
Additionally, an observation well in this area shows that the water level has been 24 to
38 feet lower than the water level in a Horace observation well that is about 1.4 miles
away.

The Horace aquifer, as depicted in figure 53, extends across an area of about
26.8 square miles. There are several areas where the aquifer may be larger, and a few
areas where the aquifer may be smaller. Figures 54 and 55 show south-to-north
geologic sections I-I' and J-J', which depict the west and east parts, respectively, of the
Horace aquifer. Geologic section I-I' shows more complexities and irregularities in the
west part of the Horace aquifer, than does geologic section J-J' in the east part of the
Horace aquifer.

There are 58 test holes and wells located in the Horace aquifer that were
investigated. Of these, 53 had lithologic descriptions for a significant portion of the
aquifer interval. The range of lithologic descriptions for the different sand and gravel
units is quite varied. Some sand units were fine grained, and some of the gravel units
were very coarse, grading into boulders in some test holes. The lithologic descriptions
usually showed the material becoming coarser with depth, with numerous sites
transitioning from medium sands to gravels with increasing depth. The eastern portion
of the Horace aquifer appeared to be more gravelly than the western portion.

The average depth to the top of the Horace aquifer is about 136 feet below land
surface. The top of the aquifer ranges from 57 to 328 feet below land surface. As seen
in the contrast between the two geologic sections in figures 54 and 55, the western
portion of the Horace aquifer (figure 54) has the more irregular top of aquifer. The
average top of the aquifer is about 146 feet below land surface in the western portion of
the Horace aquifer, whereas it is only about 103 feet below land surface on the average
to the top of the Horace aquifer in the eastern portion.

The average depth to the bottom of the Horace aquifer is about 233 feet below

land surface. The bottom of the aquifer ranges from 101 to 375 feet below land surface.
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The western portion of the Horace aquifer (figure 54) also has the more irregular aquifer
bottom. The average bottom of the aquifer is about 240 feet below land surface in the
western portion of the Horace aquifer, whereas it is only about 207 feet below land
surface on the average to the bottom of the eastern portion of the Horace aquifer.
About 40 percent of the sites have an overlying sand and gravel unit that
appears to be connected to the underlying Horace aquifer. These units range from 5
feet to 48 feet. Over the entire area of the Horace aquifer they average about 6 feet in
thickness. The average thickness of the main Horace aquifer including the overlying
sand and gravel layers is about 103 feet. With an average thickness of 103 feet, and an
area of about 26.8 square miles, the approximate volume of the Horace aquifer is about
77 billion cubic feet. A discussion later in the report will address the relationship
between the volume of the aquifer, and the amount of water that is stored in this

aquifer volume.

Aquifer water use and water-level history

It is likely that in the area overlying the Horace aquifer the development of
farmsteads and wells began in the late 1800s. There are some shallow sand units that
could have provided water from shallow wells, however, it is likely that some of the early
wells were deep enough to reach the Horace aquifer. These early wells very likely flowed
when they were first installed. As the population grew and water use increased, the
water levels approached land surface and then dropped below land surface. Unlike
some of the other aquifers (that have no water use records that reflect little significant
historic water use), there may have been moderately significant use made of the Horace
aquifer before water-use:data is available beginning in 1978.

The communities of Christine, Hickson, and Horace overlie, or lie very near to,
the Horace aquifer. In the late 1800s and the early 1900s these communities drew
concentrated settlements that would have needed water, the use of which would have
caused small water-level declines. Because of the concentrated nature of the
withdrawals, these small water-level declines would have been a little more significant
than they would have been had there been only dispersed farmsteads in the area.
Additionally, the Wild Rice and Sheyenne Rivers are located above the Horace aquifer
for extended distances. This resulted in a greater than normal density of farmsteads
than is observed in some of the other parts of this study area. Not counting the
communities in the area, there probably were 75 to 125 homes overlying the Horace
aquifer through the 1900s.

In 1933 a Census Bureau estimate listed the population of the communities of
Christine, Hickson, and Horace as 175, 75, and 250, respectively. At an estimated 60

gallons per person per day, these communities would have used something on the order
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of 10,000,000 gallons per year (10 Mg/y). If there were also about 100 farmsteads
deriving their water supply from the Horace aquifer, and there were an estimated five
people per farmstead, the rural population would have used an estimated 10 Mg/y.
This estimate is made to compare the magnitude of the water use from the Horace
aquifer, to the magnitude of the water use from the Fargo aquifer.

During the time period of the late 1930s and the 1940s, figure 25 shows that the
Fargo aquifer produced an average of about 15 Mg/y. An estimated 20 Mg/y was
withdrawn from the Horace aquifer during this same time period. The impacts of this
magnitude of water use, however, would have been significantly different for each of
these two aquifers for a couple of reasons. The Horace aquifer is over 100 times larger
than the Fargo aquifer, and because the Horace aquifer is so much larger, the impacts
of the water diversion would be much less noticeable in the Horace aquifer. The water
use shown in figure 25 is derived from one well, whereas the use that was likely made
of the Horace aquifer during this time period is estimated from the cumulative effects of
many wells spread over a large area.

Figure 56 shows a hydrograph of three observation wells located in the Horace
aquifer, and one well each, located in the West Fargo North and the West Fargo South
aquifers. The hydrograph begins in the early 1960s, when water-level measurements
that were associated with the Cass County ground-water study were initiated. A
summary of the available water use data for the Horace aquifer is found in Table 51 on
pages C230-1 in Volume C of the data report for this study. Figure 57 shows a bar
chart of the annual water use from the Horace aquifer. The bar chart shows no
documented water use until 1978.

As stated earlier, there was likely an additional 20 Mg/y of water use that was
undocumented until about 1983 to 1984. This is when the cities of Christine and
Horace began to report their water use associated with the water permits that were
issued in 1980 and 1983. After 1984, there is an estimated 10 Mg/y additional water
use derived from the numerous individual wells overlying the Horace aquifer that do not
submit annual water use reports. The key aspect of this discussion is that while water
use has likely grown from about 40 Mg/y in the early 1980s to about 110 Mg/y in the
mid 1990s, this increase in the rate of water use is not the most significant factor in the
water-level declines observed in the water levels of the Horace aquifer.

Initially, Figure 56 shows that by the early 1960s the water levels in the Horace
aquifer were in a slow steady decline. The lowest water levels were not located near the
wells of the city of Horace and the other small communities, but rather they were
located at the north end of the Horace aquifer where ground-water withdrawals were
minimal. Figure 53 shows the proximity of 139-050-23AAA to the 94/10 aquifer, and
the proximity of the northern end of the Horace aquifer to the WFN aquifer.
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There are no water-level measurements for the 94/10 aquifer before the 1980s.
Thus, there is no data to show that the water use from the WFN aquifer that caused the
low water levels observed for observation well 139-049-06ADB shown in figure 56, also
caused lower water levels in the 94/10 aquifer. It is likely, however, that withdrawals
from the WFN aquifer did cause lower water levels in the 94/10. Thus, the low water
levels in either the 94/10 aquifer or the WFN aquifer (or a combination of the two)
caused water levels to decline in the Horace aquifer because water from the Horace
aquifer was draining into them from the north end of the Horace aquifer.

Prior to the development of the Cass Rural Water and city of West Fargo well
fields in the WF'S aquifer, figure 56 shows that the annual rates of decline were about
0.5 to 0.8 feet per year for the three different Horace observation wells. After the
development of the rural water and municipal well fields in the WFS aquifer, the annual
rates of decline increased to as much as 2.5 feet per year for a 5-year time period. Over
the 14 years shown on Figures 58 and 59, the annual rate of water-level decline has
been about 1.0 to 1.5 feet per year. The last seven years shown on figures 58 and 59

show an annual rate of decline of about 0.4 to 0.9 feet per year.

Aquifer water chemistry

Figures 15 to 20 show the concentrations of six different constituents for nine
aquifers in the WFAS. The third aquifer shown in each figure is the Horace aquifer.
Each aquifer has a variable number of different sites from which samples were collected
for analysis, and each site has a variable number of samples that were collected from
that particular site. Figures 15-20 depict only one representative sample from each

site. The number of sites for each aquifer represented in figures 15-20 is as follows:

Aquifer 94/10  Farge Horace Nodak Ponderosa Prosper  WFN WFS W Pleasant
No. of sites 4 3 27 4 6 19 39 22 5

The depiction of the chemical character of several aquifers is limited, because there are
six or fewer sites. There are 27 sites with chemical data available, and this size of data
set allows for a good representation of the general character of the water quality for the
Horace aquifer.

Figure 15 shows that the Horace aquifer is in the high range of calcium
concentration in comparison to the other aquifers in the area. Only the West Pleasant
aquifer has a higher median value of calcium concentration of any of the other aquifers
in the WFAS. There are no EPA standards, advisories, or regulations regarding calcium

concentrations in public water supplies. Calcium, along with magnesium cause water
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hardness, and with certain other constituents can form scale on utensils, water
heaters, boilers, and pipes.

Figure 16 shows that the Horace aquifer is low in chloride concentration in
comparison to other aquifers in the area. Only the WFS aquifer is lower in the median
value of chloride concentration than the Horace aquifer. The EPA has a Secondary
Maximum Contaminant Level (SMCL) of 250 mg/liter for chloride, and only a few
outliers among the samples from the Horace aquifer exceed this value. There is no
regulation of this SMCL, and numerous public water supplies exceed this level. A salty
taste is imparted by concentrations above 400 mg/liter, which may impair water's
usefulness for drinking and some other purposes. Only one sample analysis for
chloride concentration for the Horace aquifer showed values over the 400 mg/liter level.

Figure 17 shows that the Horace aquifer is among the highest in the group of
nine aquifers with respect to hardness. Only the West Pleasant aquifer has a higher
median value of hardness. All but one sample from the Horace aquifer had hardness
values that are in the USGS category of “very hard” water, which is generally above 180
mg/liter. There are no EPA standards, advisories, or regulations regarding hardness in
public water supplies. Calcium and magnesium are the principal cause of hardness,
which exhibits the characteristics of requiring greater quantities of soap to produce
lather as the hardness increases.

Figure 18 shows that the Horace aquifer is among the lowest of the group of nine
aquifers with respect to the sodium concentration. Only the WFS aquifer is lower in
sodium concentration than the Horace aquifer. The EPA health advisory for sodium
concentration is called a “guidance”, and is listed at 20 mg/liter. This value of sodium
concentration is below each and every one of the sodium concentrations for every one of
the 545 analyses that were performed on the all of the samples taken from the WFAS.
There are very few sites in all of North Dakota that produce samples with sodium
concentrations as low as 20 mg/liter.

Figure 19 shows that the Horace aquifer is among the highest in comparison to
other aquifers in the area with respect to sulfate concentration. Only the West Pleasant
aquifer has a higher median value than the Horace aquifer. The EPA has both a
Drinking Water Standard (500 mg/liter) and a SMCL (250 mg/liter). The Drinking
Water Standard is proposed and is in draft form. The median value for the Horace
aquifer is about the equivalent of the SMCL, and only three outliers have values that
exceed the EPA Drinking Water Standard. Laxative effects can be experienced with
water having sulfate concentrations above 600 mg/liter, particularly if much
magnesium or sodium is present. The same three outliers exceed 600 mg/liter.

Figure 20 shows that the Horace aquifer is in the middle range of the group of

nine aquifers with respect to the total dissolved solids (TDS) concentration. Sometimes
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referred to as 'salinity’, TDS consists mainly of the total of the dissolved mineral
constituents in the water. The EPA has a SMCL of 500 mg/liter. There is no regulation
of this SMCL. The SMCL is such that only some of the sites in the West Fargo South
aquifer have TDS lower than 500 mg/liter. All sites that were sampled from the Horace
aquifer and all other aquifers in the WFAS have values for TDS that exceed this SMCL.
The major effect of salinity is that the osmotic pressure of a soil solution becomes too
large with increasing salinity. Water containing excessive dissolved solids should not be
used for plants. Many waters in the state with TDS between 500 and 1000 mg/liter are
used for plants. A significant portion of the water from the Horace aquifer is suitable
for plants.

The water in the Horace aquifer varies in its character dependent upon location.
The eastern portion of the aquifer tends to be a sulfate-type water with no dominant
cation. The western portion of the aquifer tends to be a calcium-type water with no
dominant anion. The total dissolved solids range from between 500 to 2,000 mg/liter,
and the water is mostly very hard. The water is suitable for most purposes.

Figure 60 shows the relationship between stable isotopes of ground water in the
Horace aquifer and precipitation at Oakes, ND. The 11 sample sites had a 8180 value
that ranged from -17.7 to -21.6, and a §2H value that ranged from -132 to -168. When

water shows large negative values for §2H and 8180, it is a sign that the water was
emplaced under colder climatic conditions, and is described as having a “cold

signature”. As shown in figure 21, samples of rainfall in North Dakota have shown

values of approximately -4 to -10 for 8180 and samples of snowfall in North Dakota
have shown values of approximately -18 to -25.
The Horace aquifer samples all are in the “snowfall” range. This range of values

for 5180 is quite cold in its signature. Values like these do not suggest modern-day
recharge, unless there is a mechanism whereby only snowmelt recharges the aquifer.
This is most unlikely. It is just as unlikely, that the aquifer is receiving any significant
amount of meteoric water as recharge. Currently the isotopic values for water samples
collected from Horace aquifer wells indicate that the ground water was emplaced under
colder than present climatic conditions. Analysis of the available isotope data leads to a

conclusion that modern-day recharge is insignificant in the Horace aquifer.

Ground-water movement

The predevelopment ground-water movement pattern for the Horace aquifer is
very likely the same as what was described for the West Fargo North aquifer. It is
probable that before the development of this area in the late 1800s, most or all of the

aquifers in the area had water levels at or above land surface. The very limited
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available data suggests that the above-land-surface water levels were the result of
Pleistocene water that was trapped by the tills deposited by glaciers, and by the clays
deposited at the bottom of Lake Agassiz.
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