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INTRODUCTION 

Managed Aquifer Recharge (MAR) involves capturing a portion of excess or abundant surface 
water flows from rivers and streams (often in the spring) and storing that volume of water in an 
aquifer for later use. MAR projects are also referred to as artificial recharge (AR), Aquifer 
Storage and Recovery (ASR), and Aquifer Recharge and Recovery (ARR).  MAR has also been 
referred to as “water banking.”  Much like surface reservoirs mitigate transient river and stream 
flow conditions, MAR allows aquifers to be used as reservoirs. Groundwater supplies are less 
prone than surface water to extreme variations in quantity from short-term changes in climate, 
which is why groundwater is often used as a source for irrigation, municipal, rural-water, and 
industrial supplies.  However, even aquifers are eventually affected by long-term climate 
trends, where extended droughts can reduce available groundwater. Mitigating these drought 
impacts and increasing the confidence that water supply remain dependable can be 
accomplished through MAR. 
 
MAR can be accomplished generally through two means: surface infiltration or well injection.  
Surface infiltration is accomplished where water is placed in excavated basins and allowed to 
infiltrate through a vadose zone to the aquifer.   This type of recharge is best suited to 
unconfined or “water table” aquifers where no substantial low-permeability materials preclude 
the direct infiltration of the water to the aquifer.  Well injection involves using a well to place 
the water into the aquifer through pumping or gravity. This type of recharge is required where 
there are low-permeability materials overlying the confined aquifer preventing direct 
infiltration from the surface.  

PURPOSE AND OBJECTIVES  

The purpose of this investigation is to evaluate the feasibility for the use of MAR to North 
Dakota’s glacial drift aquifers to extend and enhance their resiliency.  The objective is to create 
a map, using reasoned criteria and considerations, of the state’s glacial drift aquifer’s MAR 
potential and to identify candidate aquifers for successful MAR application.  For an aquifer to 
be considered as having the best potential for MAR, a minimum threshold of 1,000 acre-feet of 
annual recharge was established.  The map, along with the currently available information and 
tool sets, such as the North Dakota Department of Water Resources (DWR) GIS platform, 
provides a broader base from which decision makers and individuals can leverage the past 
knowledge with the currently available information.  The map and information in this report is 
intended to maximize efficient conjunctive use of the state’s water supply while increasing its 
dependability and reliability.   
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HISTORY OF MAR IN NORTH DAKOTA 

In North Dakota MAR has previously been used or tested in several instances. Beginning in 
1932, Valley City recharged Sheyenne River water into an abandoned gravel pit overlying a 
surficial aquifer where their hand dug municipal well was located (Kelly, 1967 and Appendix 1).  
The simple and elegant design is still in operation today with no major changes to the original 
conception.  
 
In the mid-1960s, the city of Minot supplemented water in a local aquifer with water from the 
Souris River (Pettyjohn and Fahy, 1968).  In 1968, the Civil Engineering Department of North 
Dakota State University did a laboratory analysis that scale-tested the use of gravity shafts for 
groundwater recharge into the declining West Fargo aquifer (d’Errico and Skodje, 1968). 
 
The U.S. Bureau of Reclamation (USBR) and the Garrison Conservancy District supplemented 
groundwater in the Oakes aquifer using springtime infiltration of water pumped from the James 
River during the late 1980s and early 1990s. Water was pumped to low areas of the landscape, 
or applied through irrigation pivots (Frietag and Esser, 1986).  
 
In the late 1980s, the North Dakota State Water Commission (SWC), in cooperation with the 
USBR, conducted studies on a pilot recharge basin, infiltrating water from the James River to 
the Oakes aquifer in Dickey County, southeastern North Dakota (Schuh and Shaver, 1988; 
Shaver and Schuh, 1988; Shaver and Schuh, 1989a; Shaver and Schuh, 1989b).  
 
The feasibility of augmenting groundwater in the Englevale Aquifer (Ransom and Sargent 
Counties, southeastern North Dakota) was explored, and results published by Cline and others 
(1993).   
 
In 1992, the Forest River Hutterian Colony began development of an artificial recharge project 
to enhance and expand their irrigation capabilities in Grand Forks County (Schuh and others, 
2009; and Schuh and Patch, 2009).   
 
In 2010, the USBR considered artificial recharge as part of an integrated plan for stabilizing 
water supplies in the Red River Valley.  
 
 An investigation was done in 2017 on the potential geochemical effects of storing James River 
water in the Spiritwood Aquifer using PHREEQC Simulations of pe-pH (Korom and Hisz, 2018).   
 
While extensive research and investigation of MAR has been conducted in North Dakota, there 
have been limited large-scale projects implemented. However, three noteworthy long-term 
MAR projects have successfully been realized: Valley City's municipal water supply, Minot's 
municipal water supply, and Forest River Colony's irrigation supply in Grand Forks County. 
These projects demonstrate the potential for further implementation and success of MAR in 
the region. 

https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/reports/west_fargo/THE_USE_OF_GRAVITY_SHAFTS_FOR_GROUND_WATER_RECHARGE-1968.pdf
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Valley City project 

Prior to 1932, Valley City obtained its municipal supply from a single hand-dug municipal well 
that was 15 feet in diameter and 30 feet deep (Kelly, 1966).  The supply was located in the small 
(approximately 1 square mile) Valley City aquifer, a glacial outwash deposit.  The Valley City 
recharge system was built in 1932 as the result of prolonged drought, during which there was a 
rapid decline in water levels in the municipal well. The project was the subject of a feature 
article in the February 2, 1932 edition of the Fargo Forum (Appendix 1).  The recharge project, 
which operates to this day, involved piping water from the nearby Sheyenne River through a ½ 
mile long, 18” tile pipeline to an excavated pit into the small surficial aquifer where the 
municipal well was located. Water flows from the river to the pit under the influence of gravity 
as the floor of the excavated pit was 6 feet below the river level.   The inlet of the pipeline was 
approximately 2 feet below the normal river level. The maximum measured rate of free flow 
was 2,600 gpm. The river level was maintained by a 12-foot dam located approximately a half 
mile downstream from the pipeline.  Steady flow in the river is now maintained by Baldhill 
Dam, constructed in 1949 on the Sheyenne River approximately 13 miles upstream.  Valley City 
has a water-right to a portion of the water stored in the reservoir behind Baldhill dam (Lake 
Ashtabula).  Releases from the Lake Ashtabula are captured downstream in the river adjacent 
to the recharge pit, and ultimately recaptured in wells completed in the Valley City aquifer.   
 
In 1957, the city installed a pump and valve system on the pipeline. The valve system allowed 
the water-level in the pit to be raised approximately 5 feet above river level.  At present, no 
pumping from the river to the recharge pit is needed as the water-level is held fairly steady in 
the Sheyenne River due to the steady releases from Lake Ashtabula.  The gravity-feed system 
provides the necessary volumes to the recharge system; thus, a constant supply of recharge is 
available to the aquifer, and decline of the piezometric surface is minimal. However, occasional 
cleaning of the recharge pit floor is necessary due to the buildup of silt and clay bought in with 
the river water (Hesch, 2023).  At present, about 1,000 acre-feet per year is used by Valley City 
for municipal use (Figure 1).  All water pumped is essentially recaptured Sheyenne River Water 
that has be artificially recharged the Valley City aquifer. 
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Figure 1. Reported Municipal Water Usage in Valley City.  Equals the amount 

recharged from Sheyenne River to the Valley City Aquifer. 

 
Since the Valley City recharge project began in 1932, the water quality in the aquifer is identical 
to the Sheyenne River's chemical composition.  Starting around 2005, the river's quality began 
to deteriorate following the infusion of lower quality water from Devils Lake, introduced via 
two emergency outlets situated upstream of Valley City. These outlets were constructed as a 
response to the chronic flooding caused by the rising Devils Lake. While the outlets have 
assisted in lowering Devils Lake's levels, preventing disastrous floods, they have inadvertently 
increased the total dissolved solids in the Sheyenne River, shifting the water type from 
predominantly sodium-bicarbonate to sodium-sulfate. To counteract the declining water 
quality sourced from the river, Valley City has, since 2009, implemented advanced ultra- and 
nano-filtration treatment processes. 

Minot project 

In 1965, the city of Minot constructed an artificial recharge facility to place water from the 
Souris River into the Minot aquifer. The project was the subject of an article published in Public 
Works periodical in September, 1968 authored by Wayne A. Pettyjohn, Ph.D. Associate 
Professor of Geology, The Ohio State University, Columbus, Ohio and Vernon Fahy, P.E., City 
Manager. Minot, ND.  The article is included in its entirety as Appendix 2.  The facility consisted 
of a settling basin connected to a y-shaped canal system. Along the centerline of the canals are 
gravel-filled bored holes, called hydraulic connectors, that perforate the poorly permeable 
material that overlies the Minot aquifer. The hydraulic connectors range in diameter from 30 to 
72 inches and from 28 to 34 feet in depth. The lower part of the hydraulic connectors taps sand 
and gravel in the dewatered upper part of the Minot aquifer. 
 
Water was pumped from the Souris River into a settling basin. When the settling basin filled to 
a specified level, water flowed into the recharge basin and downward in the hydraulic 
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connectors. During the period 1965 to 1975, it was estimated that as much as 2.6 billion gallons 
of water (7,979 acre-feet total or about 725 acre-feet per year) were recharged into the Minot 
aquifer (Pusc, 1994 and City of Minot, 1991). The recharge facility was destroyed during 
flooding events in the mid 1970's and no attempts to artificially recharge the Minot aquifer 
have been made since. Additional information on the artificial recharge facility constructed by 
the city of Minot is found in Pettyjohn (1967), Pettyjohn and Hutchinson (1971), and Pettyjohn 
(1968B).  
 
In 1992, the City of Minot formulated a Water Management Plan advocating for the revival of 
an artificial recharge system for the Minot aquifer and the initiation of a similar system for the 
Sundre aquifer (City of Minot, 1991).  The strategy included budget allocations for preliminary 
projects and additional research. However, the emergence of the Northwest Area Water Supply 
(NAWS) project, aimed at piping Missouri River water to the region, led to the shelving of the 
initial plan. Despite this, water levels in both the Minot and Sundre aquifers continued to 
plummet to critical points until a sudden rise following the flood of 2011, temporarily 
alleviating concerns over water scarcity. Nevertheless, subsequent years saw the resurgence 
 of low water levels, with the Minot aquifer experiencing even more severe declines than 
before the 2011 flood. 
 
It is anticipated at the time of this report that the NAWS system will achieve a significant 
milestone by delivering treated water from the Missouri River to the region within the 
2024/2025 period. 
 

Forest River Project  

In 1992, the Forest River Hutterite Community (FRHC), near Fordville, ND in eastern North 
Dakota, began the planning, testing, and operation of an ARR basin and well field facility. The 
project, which is still being operated today, was developed in close consultation with the SWC 
(Schuh and Patch, 2009). SWC hydrologists provided assistance to ensure that all of the 
necessary scientific instrumentation was put into place to measure the effectiveness of the 
process, to confirm that all of the appropriate SWC permits were acquired and that the project 
would not impact prior water permits, and to ensure that groundwater was adequately 
protected from contamination. The project examined the feasibility of taking Forest River water 
during higher spring flows for injection into the Inkster aquifer for irrigation when needed.  
 
The FRHC recharge project, includes two infiltration basins, each about 3.5 acres in area. 
Topsoil was removed from both basins to two feet below grade, with that removed soil being 
used to build a berm around the infiltration basins. The excavated topsoil, which was high in the 
less water-permeable clay, exposed a bed material of fine and medium sand, which is more 
permeable to water.  
 
This project takes water from the Forest River during high flows in the spring and early summer, 
flows that would otherwise have been unavailable to beneficial use, for storage in a shallow 

https://www.swc.nd.gov/info_edu/reports_and_publications/pdfs/wr_investigations/wr48_report.pdf
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aquifer. The water is pumped from the river into the two basins, allowing gravity 
to move that water into an aquifer through infiltration. Water stored in the aquifer through 
artificial recharge is short-term storage, meaning that water cannot be “banked” long-term due 
to losses to evaporation and seepage.  That stored water is extracted from the aquifer for 
irrigation, typically June through September, when the normal flows in the river are too low to 
support direct pumping from the river for irrigation.  
 
In order to quantify the amount of water that could be reliably withdrawn from the Forest River 
for aquifer injection, an analysis based upon two climate scenarios, a “dry” and a “wet” cycle 
was developed by the SWC. The dry cycle allowed for 200 acre-feet of aquifer recharge 
annually, and the wet cycle allowed 600 acre-feet of aquifer recharge annually.  During the time 
the project was being contemplated, the region was in a multi-year severe drought.  Since the 
project began, the region has been in an extended wet cycle. After a few years of operation, the 
restrictions on the amount that could be pumped from the river to recharge the aquifer have 
increased.  Volumes pumped from the river for the recharge project are now based on approval 
of an annual operating plan which set the limits of the amount to be recharged on the 
projected crop plan and probable water usage based on crop types to be irrigated.  FRHC water 
permits set conditions requiring a minimum flowrate past the USGS gaging station at Fordville, 
ND.  Since beginning the operation of the recharge basin, the FRHC has obtained three water 
appropriations from the Forest River that now total 1820 acre-feet annually.  The maximum 
annual pumpage from the Forest River to the infiltration basin was 1610 acre-feet in 2021 
(Figure 2).  This has allowed up to 2,200 acres of irrigation that would not have been possible 
through direct water appropriation from the aquifer due to the fact that the Inkster aquifer was 
at or near full appropriation prior to 1992 when the recharge project began.   
 

 
Figure 2. Reported Water Usage from Water Permits 4561 and 4980 approximately 

equal the amount recharged from to the Inkster Aquifer from the Forest 
River. 

The project has operated continuously for 30 years. Over that period, approximately 83% of the 
water injected into the aquifer was recovered for irrigation and 17% of the water injected was 
lost through various natural processes (evaporation, plant use, seepage from the aquifer to 
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adjacent springs, etc.).  Basin infiltration raised the water-level elevation at the basin sites, 
creating a “mound” in the water table. The ability of water to infiltrate the sand at the bottom 
of the recharge basins is limited by the buildup of the suspended solids in the river water and 
forms a “filter cake,” or a layer of sediment and organic materials that reduces the permeability 
to the more-permeable underlying sands, lowering the ability of water to pass through.  It was 
discovered, that a basin floor composed of fine to medium sand is better at trapping the 
suspended solid load and allowing the filter cake layer to form.  This filter cake prevents deep 
infiltration of the fine-grained materials brought in by the river water.   After the basin 
infiltration is completed for the season, the basin bottoms are allowed to dry out exposing the 
filter cake material, usually less than 1” thick.  Once it is completely dried out and cracked, a 
road grader is used to windrow the material and an earthmoving scraper removes of material. 
Annual removal of the filter cake has allowed the Forest River Project to operate effectively for 
the entire 30 years history without a loss of infiltration capability. No major renovations of the 
basin floors have been required at the current rate of surface removal, although it is expected 
that replacement of bottom sands with nearby materials may be needed at some time in the 
future.  
 
No adverse impacts to groundwater quality were detected as a result of the Forest River 
Project. Normal depth to water in the vicinity of the recharge basin is approximately 30 feet.  It 
was discovered that the water-table mound that developed under the recharge basin at times 
nearly intersected the bottom of the basin, which would effectively stop the infiltration.  From 
this it was learned that basin infiltration type aquifer recharge works best in unconfined 
aquifers with relatively deep (greater than 20’) water tables, or with aquifers composed of large 
hydraulic conductivity materials (coarse sands or coarser).  Aquifers with shallow water tables 
(less than 20’) and smaller hydraulic conductivity materials (medium sand or finer) will not work 
as well due to higher evaporation and plant use and a lack of storage volume in the aquifer. 
 
The average long-term estimated cost of recharging the aquifer, including amortized 
construction costs, maintenance costs and pumping costs was about $100 to $130 per acre-
foot.  The cost to pump the water from the aquifer for irrigation is not included in that 
estimate. The stable sources of irrigation water allowed the Forest River Colony to expand into 
the production of high value, water intensive crops, such as potatoes. The recharge facility 
continues to operate to this day. 
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METHODS OF ANALYSIS 

In order to properly evaluate the MAR potential for the states glacial drift aquifers, it was 
necessary to assemble basic aquifer data such as location, areal extent, thickness, hydraulic 
conductivity, degree of confinement, depth, water-level trends, water quality, water usage, 
nearby streamflow data duration hydrographs.  These data were then used in conjunction to 
develop a set of criteria and considerations to assess and rank the MAR potential for each 
aquifer.   
 

Assemblage of Aquifer Basic Data  

A comprehensive list of all of the glacial drift aquifers in the state was assembled from various 
sources.  Primarily, the list of aquifers and aquifer names found in the DWR mapservice website 
(https://mapservice.dwr.nd.gov) was used as the de-facto standard.  Modifications were made 
to the list the further define segments of aquifer systems, complexes, segments, or sub-
aquifers. A complete listing of aquifers evaluated in this investigation are found in Appendix 3. 
Basic data were gathered on all of the aquifers and, where available, hyperlinks compiled to 
directly link to the page of the County Ground Water Study report or to other prominent 
reports where the aquifer is defined and described.  Analysis of the hydrogeologic setting and 
size, water-level trends in the aquifer, aquifer water-usage, and water quality was completed 
on those aquifers, aquifer segments, or sub-aquifers.  In addition, surface water sources that 
could serve as potential sources of supply to recharge the aquifers were assessed for mean 
quantity of flow, chemical quality, and distance to the target aquifer.   

Aquifer water-level trends  

To better understand the history of use and impact of climatic effects to groundwater levels in 
the state, a water-level trend analysis was undertaken on all of the aquifer systems where 
water levels have been monitored. A 4D™ algorithm designed to operate within the water-level 
database environment was implemented.  The algorithm termed “Trends” (Bader, 1993) 
compiles all of the water levels from selected wells in the database and creates a daily array of 
incremental water-level changes (daily delta) for each well with two or more water-level 
measurements recorded in the database. A cumulative average daily delta array is created 
based on the summation of all of the daily delta values for each well divided by the number of 
wells included on that day.  Because the algorithm is based solely on the change in water level, 
the elevation of the water-level measured is not relevant, nor is the frequency or period of 
record. The algorithm is housed within the Well Inventory Client software interface to the 
NDWR site inventory database A subjective point on which to base the water-level change delta 
relative to the assumed average water-level prior to major development was selected.  For the 
most part, the average water-level in about 1970 was used as the zero-change basis. Most of 
the water-level monitoring of these aquifers has occurred since the 1960’s with the widespread 
advent of center-pivot irrigation systems and regional rural water system development.  
Aquifer systems that were analyzed for water-level trends using the “Trends” program are 
listed in Appendix 5 which have hyperlinks to the hydrographs. 

https://mapservice.dwr.nd.gov/
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Aquifer water-usage assessment 

Most of the substantial use of groundwater that has taken place in the state has been since the 
wide-spread implementation of center-pivot irrigation systems and regional rural water system 
development beginning mainly in the 1960s.  A few notable exceptions of large-scale 
groundwater usage for municipalities date back to the 1930s, one of which is the West Fargo 
aquifer system that was used as a regional municipal/rural water supply since the 1930s.  An 
assessment of aquifer water usage was accomplished through the querying of water usage data 
in the DWR’s water permit database, accessible through the web and mapservice interfaces. 
The 2022 reported water usage from all aquifers is listed in Appendix 4 (source: NDDWR water 
permit database).  A summary of the highest 2022 water-use totals from aquifers in each of the 
categories of: total use, irrigation usage, municipal and rural water usage, and industrial use is 
shown in Table 1.  An analysis of the 10-year average annual municipal and rural water usage 
from aquifers is displayed in the pie diagram in Figure 3.  It should be noted that although the 
West Fargo aquifer system appears in the top twenty suppliers of water in the 10-year average  
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Table 1. Highest 2022 Reported Water Use from Aquifers in Categories of Use Type (not 
including temp permits) 

 
      Top Total Use       
       acre-feet     
    1 Central Dakota 26,125     
    2 Oakes 12,442     
    3 Spiritwood 12,310     
    4 Elk Valley 11,077     
    5 Englevale 10,115     
    6 Sheyenne Delta 9,405     
    7 Page 6,976     
    8 Milnor Channel 6,548     
    9 Lodgepole 5,620     
    10 LaMoure 5,424     
    11 Missouri River 5,080     
    12 Hofflund 4,789     
    13 Little Muddy 4,766     
    14 Jamestown 4,417     
    15 Sundre 3,868     
    16 New Rockford 3,796     
    17 Minot 3,437     
    18 Knife River 2,889     
    19 Karlsruhe 2,753     
    20 Lake Nettie 2,597     
           

  
Top Irrigation 
Use      

Top Municipal + Rural 
Water  Use      Top Industrial Use    

   acre-feet     acre-feet     acre-feet 
1 Central Dakota 25,717  1 Jamestown 3,884  1 Lodgepole 5,620 
2 Oakes 12,250  2 Sundre 3,811  2 Hofflund 1,984 
3 Englevale 10,114  3 Spiritwood 3,437  3 Little Muddy 1,024 
4 Elk Valley 8,943  4 Minot 3,427  4 Missouri River 966 
5 Spiritwood 8,367  5 Missouri River 2,974  5 New Town 915 
6 Sheyenne Delta 8,347  6 Elk Valley 2,134  6 Dakota Group 914 
7 Milnor Channel 5,816  7 Shell Valley 1,513  7 Shell Creek 884 
8 Page 5,707  8 Page 1,269  8 Milnor Channel 732 
9 LaMoure 4,794  9 Sheyenne Delta 1,058  9 Ray 709 

10 Little Muddy 3,741  10 Wahpeton Buried Valley 906  10 Hankinson 685 
11 New Rockford 3,328  11 Hankinson 904  11 Tobacco Garden Cr. 535 
12 Hofflund 2,799  12 Icelandic 862  12 Spiritwood 505 
13 Karlsruhe 2,744  13 Enderlin 847  13 Jamestown 486 
14 Knife River 2,394  14 Fordville 841  14 Central Dakota 408 
15 Charbonneau 2,363  15 Voltaire 670  15 Wahpeton Buried Val 399 
16 Lake Nettie 2,299  16 McVille 643     
17 Streeter 2,231  17 LaMoure 631     
18 Lake Souris 2,157  18 New Town 523     
19 Carrington 1,728  19 Pleasant Lake 510     
20 Skjermo Lake 1,584  20 Knife River 495     

 
 
 
    

21 
22 
23 
24 

West Fargo South 
NewRockford 
Fox Hills 
Ray 

451 
424 
420 
418     
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Figure 3. Average Annual Municipal and Rural Water Usage From 2013-2022 from 

Aquifers. 

 
annual municipal and rural water use in Figure 3, it was discontinued as the source for the City 
of West Fargo in 2016 and is no longer one of the top 20 municipal and rural water use 
suppliers. 
 
A chart of the long-term water-level change of the top 20 aquifers supplying municipal and 
rural water use is presented in Table 2.   The chart contains the following information: 

1. Aquifer Use and Ranking: The data contains information on different aquifers or 
segments, with a 10-year average use measured in acre-feet (ac-ft), and a rank based on 
water use where 1 represents the highest use. 

2. Size and Volume: Each aquifer is described by its size in square miles and average 
thickness in feet, which when combined give the total volume of the aquifer in acre-
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feet. A specific yield value (drainable pore space) of 0.25 was used in the volume 
calculation. 

3. Type: The aquifers are classified by type (confined, semi-confined, or unconfined). 
4. Annual use/Volume: Percentage of aquifer storage used annually.  
5. Long-Term Water-Level (WL) Change: The long-term change in water-level in feet is 

shown, which can indicate the sustainability of water use. 

From the data, we can note several points: 

• The Sundre aquifer has the highest water use rank with 4284 ac-ft, and it also has a 
relatively high annual use/volume percentage (0.64%) compared to other aquifers. 

• The Minot aquifer has the highest annual use/volume percentage (2.82%) of aquifers 
that have a negative long-term water-level change (decline). 

• The West Fargo System and Wahpeton Buried Valley have significant long-term water-
level drops of -123 ft and -50 ft, respectively, which could be concerning for 
sustainability. 

• The Jamestown aquifer has the highest annual use/volume percentage at 7.19%, which 
is substantially higher than the other listed aquifers, and it shows an increase in water 
level, which is unusual compared to others. 

• McVille and Ray aquifers show an increase in water levels, with Ray having the most 
significant rise at 12 feet, which might suggest there is sufficient replenishment through 
natural recharge. 

• The aquifer sizes vary greatly, with Sheyenne Delta being the largest in area (504.3 
sq.mi.) and New Town being one of the smallest (20.5 sq.mi.). 

• Larger annual use/volume percentage may indicate more vulnerability to drought cycles 
should natural recharge not be able to keep up with the demand given the relatively 
small amount of storage in relation to the demand.   

These data can be used to help assess the need for consideration of MAR in the overall water 
resource management of the aquifers and identify trends in water usage.  It's clear that some 
aquifers are under more stress than others, and the long-term water-level changes provide 
critical feedback on the sustainability of current water usage practices. 

Reported water usage plots for selected aquifers are listed in Table 3 which has hyperlinks to 
the plots. Appendix 6 contains the graphical representations of annual water usage, categorized 
by type. These visual aids are designed to facilitate the identification of any discernible patterns 
or trends in water utilization across different categories.  
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Table 2. Long Term Water-Level Change of the Top 20 Aquifers Supplying Municipal and 
Rural Water Use. 

 

 
 
 
 
 
Table 3. Reported Water Usage Plots for Selected Aquifers in Appendix 6 

Elk Valley South 

Enderlin 

Fordville 

Hankinson 

Icelandic 

Jamestown 

Lake Nettie 

Lake Souris 

Lamoure 

Lignite City 

Mcville 

Minot 

  

Missouri River 

New Town 

Page 

Ray 

Shell Valley 

Sheyenne Delta 

Spiritwood Near Jamestown 

Spiritwood-Warwick 

Sundre 

Voltaire 

Wahpeton Buried Valley 

West Fargo 

  

 
 
 
  

https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/elk_valley_south_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/enderlin_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/fordville_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/hankinson_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/icelandic_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/jamestown_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/lake_nettie.jpg
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/lake_souris.jpg
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/lamoure_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/lignite_city.jpg
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/mcville_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/minot_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/missouri_river_WU.jpg
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/new_town_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/page_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/ray_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/shell_valley_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/sheyenne_delta_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/spiritwood_near_jamestown_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/spw_near_warwick_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/sundre_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/voltaire_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/wahpeton_buried_valley_wu.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_wu/west_fargo_system_wu.pdf
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Water quality assessment of aquifers and rivers 

An assessment of the water quality was made on key aquifers which have high potential to be 
target aquifers for MAR consideration and their potential MAR surface water sources of supply.  
The primary indicator used to generalize the water quality was the parameter of calculated 
total dissolved solids (TDS) of samples collected with results stored in the NDDWR site 
inventory database.  TDS plots for selected aquifers are listed in Table 4, which has hyperlinks 
to the plots and displayed in Appendix 7.  Selected river TDS plots are listed in Table 5 and 
displayed in Appendix 8. 
 
Table 4. TDS Plots for Selected Aquifers Included in Appendix 7. 

Elk Valley South 

Enderlin 

Fordville 

Icelandic 

Minot 

New Town 

Shell Valley 

Spiritwood Near Jamestown 

  

Spiritwood-Warwick 

Sundre 

Voltaire 

Wahpeton buried valley 

West Fargo 

West Fargo North 

West Fargo South 

 

 
 

 
Table 5. TDS Plots for Selected Rivers Included in Appendix 8. 

Forest River near Fordville 

James River (4 stations) 

Maple River near Enderlin 

Red River (Wahpeton, Hickson) 

Red River (All) 

Sheyenne River near Warwick 

 

Sheyenne River near West Fargo 

Souris River (Foxholm and Bantry) 

Tongue River near Akra 

Turtle River near State Park 

Wild Rice (Abercrombie and Rutland) 

Willow Creek near Willow City 

 

 
 

Assessment of Surface water sources of supply 

An assessment of surface water sources of supply that could be used in MAR applications was 
made by querying the streamflow gage network operated by the US Geological Survey (USGS).  
The long-term mean flowrate was obtained from each of the 106 gages.  These gaging stations 
with their long-term mean (categorized) are displayed in Figure 4.  The streamflow duration 
hydrographs for selected gaging stations on streams which could be considered as sources of 
supply are also presented in Appendix 9.    

https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/elk_valley_south_aquifer_TDS_array_and_mean.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/enderlin_aquifer_TDS_array_and_mean.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/fordville_aquifer_tds_array_and_trend.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/icelandic_aquifer_TDS_array_and_mean.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/minot_aquifer_tds_array_and_trend.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/new_town_aquifer_tds_array_and_mean.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/shell_valley_aquifer_tds_array_and_mean.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/spw_aquifer_near_jamestown_tds_array_and_mean.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/spw_near_warwick_tds_array_and_mean_all.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/sundre_tds_array_and_trend.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/voltaire_aquifer_TDS_array_and_mean.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/wahpeton_buried_valley_tds_array_and_trend.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/west_fargo_north_and_south_TDS_array_and_trend.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/west_fargo_north_aquifer_TDS_array_and_trend.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_qw/west_fargo_south_tds_array_and_trend.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/river_qw/forest_river_tds.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/river_qw/James_River_all_stations.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/river_qw/Maple_river_at_enderlin_TDS_array.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/river_qw/red_river_tds_wahpeton.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/river_qw/red_river_tds_array_and_trend.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/river_qw/sheyenne_river_near_warwick_TDS_array.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/river_qw/sheyenne_river_near_west_fargo_TDS_array_and_trend.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/river_qw/souris_river_tds_array_and_trend.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/river_qw/tongue_river_near_Akra_TDS_array.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/river_qw/turtle_river_tds_array.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/river_qw/wild_rice_TDS.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/river_qw/willow_creek_tds_array.pdf
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Figure 4. USGS Stream Gaging Stations Showing the Long-Term Mean Streamflow. 
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RANKING CRITERIA AND CONSIDERATIONS 

The potential for MAR can be determined based on multiple criteria, considerations, and 
factors.   

A. Need-based Considerations: 

• Need for the Stabilization of Water Levels: Aquifers that have previously experienced 
over usage or where current withdrawals may be exceeding the long-term sustainability 
may benefit from water-level stabilization and recovery through the use of MAR. 
Identification of these aquifers can be made through an aquifer system trend analysis 
using the DWR’s water-level trends program described earlier in this report.  High 
ranking aquifers under this consideration include the West Fargo aquifer system, the 
Fox Hills aquifer, and the Spiritwood aquifer near Warwick. 

• Need to Allow Future Appropriation: The implementation of MAR in areas where 
aquifers are fully appropriated may allow for additional appropriation to occur without 
fear of over-appropriation and violation of the duty of the prior appropriation doctrine 
to protect prior appropriators.  MAR can mitigate the challenges of water scarcity, 
particularly during dry periods when the natural replenishment of aquifers is often 
insufficient to keep pace with the ongoing extraction for agricultural, industrial, and 
domestic use. Having a MAR process in-place can prevent or respond to this imbalance. 
MAR offers a strategic approach to counteract this issue by moving available surface 
flows into the aquifer during these dry periods. Aquifers that need supplementary water 
to provide for additional water appropriations include Central Dakota aquifer. 

• Water Storage Needs: This considers aquifers that could be used as a reservoir for 
water storage offering protection to drinking water supply availability especially during 
extended drought periods. The stored water in these aquifers increase the resilience to 
these critical groundwater supplies.  The Spiritwood Aquifer near Warwick segment is a 
prime example. 

• Need to “Free-up” Groundwater Supplies: There are aquifers that currently face a 
higher threshold of allowable appropriation due to the need to mitigate the impact of 
seasonal drawdown and ensure adequate drinking water supplies through those times. 
This is essential to safeguard these drinking water supplies during peak seasonal 
demand especially during prolonged droughts. The Elk Valley aquifer, a major 
groundwater source for regional rural water systems, stands out in this regard. 

 

B. Hydrogeological Considerations 

When considering MAR as a solution for enhancing water availability, a thorough understanding 
of the hydrogeological characteristics of the potential target aquifer is crucial. These 
characteristics fundamentally influence the aquifer's ability to accept, store, and transmit the 
recharged water efficiently. Key factors such as the extent, thickness, degree of confinement, 
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depth to water, hydraulic conductivity and their ability to hold stored water before escaping to 
springs, seeps and evapotranspiration are all pivotal components in determining the feasibility 
and effectiveness of MAR projects. 
 
The extent and thickness of an aquifer are essential in determining its storage capacity. A larger 
and thicker aquifer can potentially hold more recharged water, making it a more suitable 
candidate for MAR. This factor is particularly important in regions where significant quantities 
of water need to be stored to meet the demands during dry periods. The degree of 
confinement of an aquifer, whether it is unconfined, semi-confined, or confined, also plays a 
vital role. Generally speaking, artificial recharge is easier and more economically feasible to 
unconfined aquifers. However, not all aquifers are simply confined or unconfined, or deeply or 
shallowly confined. Most aquifers vary in status and depth of confinement. For this reason, 
discretionary adjustments of MAR potential are made based on aquifer depths as indicated on 
drill logs, and on information provided in County Study reports and other sources. 

Unconfined aquifers are easier to recharge as water can percolate directly from the surface. 
Confined aquifers, with their overlying impermeable layers, may require more sophisticated 
methods such as direct injection through constructed wells or deep excavation and installation 
of high hydraulic conductivity materials to flow downward under the force of gravity. 

Depth to water, or the distance from the ground surface to the water table or piezometric 
surface is another critical factor. Shallow depths to water in combination with lower hydraulic 
conductivity sands may create a water table mound that intersects the floor of the recharge 
basin, thereby slowing or stopping the infiltration rate.  Deeper depths to water in an 
unconfined aquifer, typically 20 feet or more, are a more desirable setting when considering a 
site for basin infiltration type recharge.  But, deeper water levels can also often mean less 
saturated thickness of aquifer in which to screen recovery wells and allow for cones of influence 
to develop.   

Hydraulic conductivity, the ability of the aquifer materials to transmit water, is perhaps one of 
the most critical factors. High hydraulic conductivity means water can move more freely 
through the aquifer, making it more suitable for rapid recharge and recovery. However, in 
aquifers with low hydraulic conductivity, water moves more slowly, create higher mounds, and 
limit the efficiency of MAR operations. 

Understanding these hydrogeological factors is essential not only for the initial assessment of 
an MAR project's feasibility but also for its ongoing management. This includes determining the 
optimal locations for recharge, the best methods to use (such as surface spreading, direct 
injection and the quantity of water that can be safely recharged. 
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C. Available Source Water Considerations 

When developing a MAR project, one of the key considerations is the identification and 
evaluation of available source water. The viability and cost-effectiveness of a MAR project 
largely depend on the ability to secure an adequate, sustainable, and suitable source of water 
for recharge. This involves a comprehensive assessment of various factors related to potential 
water sources, such as their availability, proximity to recharge sites, quality, and compatibility 
with the target aquifer. 

Initially, the evaluation process often includes looking at nearby river systems or treated 
wastewater as potential sources. River water, especially during periods of high flow, can 
provide a substantial and renewable supply of water for recharge. However, it is essential to 
consider the seasonal variability and the legal or environmental constraints associated with 
diverting river water. On the other hand, using treated wastewater offers a dual benefit: it 
provides a consistent water source and helps in wastewater management. This option is 
particularly relevant in urban areas where wastewater is continuously generated and needs 
sustainable disposal or reuse methods. 

The feasibility of delivering these potential recharge sources to MAR sites is another critical 
aspect. This involves analyzing the logistical and infrastructural requirements, such as 
constructing pipelines or channels, and their associated costs and environmental impacts. The 
proximity of the water source to potential recharge sites is a crucial factor in this assessment. 
Closer sources generally mean lower conveyance costs and reduced energy usage, making the 
project more sustainable and economically viable. 

When considering surface water sources such as rivers or streams, it is imperative to evaluate 
their potential suspended solids sediment load. High levels of suspended solids in the water can 
pose challenges for MAR projects. Sediments can clog the recharge basins, infiltration galleries, 
or injection wells, leading to reduced infiltration rates and increased maintenance costs. 
Clogging can also create anaerobic conditions that may lead to undesirable biological and 
chemical changes in the recharged water and the aquifer. Therefore, understanding the 
sediment dynamics of the source water is essential. This includes assessing seasonal variations 
in suspended solids load, especially during periods of high flow which are often associated with 
increased sediment transport. 

In cases where sediment load is a concern, pre-treatment of the source water might be 
necessary before it can be used for recharge. Pre-treatment methods like sedimentation basins, 
filtration systems, or constructed wetlands can be employed to reduce the sediment content to 
acceptable levels. This not only helps in maintaining the efficiency of the MAR system but also 
extends its operational lifespan and reduces maintenance costs. 



 

 19 

D. Suitability of the Aquifer to Accept the Various Methods of Recharge 

Evaluating the suitability of an aquifer for MAR involves a detailed assessment of how 
effectively it can accept water through various recharge methods. Two primary methods 
typically considered are surface infiltration and the use of injection wells, each with its own set 
of parameters that need to be thoroughly analyzed to determine their feasibility. 

1. Surface Infiltration Feasibility: This method involves spreading water over a large area 
(such as recharge basins or through infiltration galleries) allowing it to percolate down 
through an unsaturated zone (vadose zone) and into the aquifer. The feasibility of 
surface infiltration is largely dependent on the permeability of the vadose zone above 
the aquifer.  Vadose zones consisting of course sand and gravel are ideal as they allow 
easy percolation of water.  Conversely, silty or clayey vadose zones with low 
permeability can hinder the infiltration process. The depth of the unsaturated zone is 
also a factor; a shallower unsaturated zone can lead to quicker water table mound 
intersection with the basin floor but deeper water tables can also mean less saturated 
thickness of aquifer material. Additionally, the land area available for creating recharge 
basins or infiltration systems and its proximity to the source water are important 
logistical considerations. 

2. Injection Well Feasibility: This method involves directly injecting water into the aquifer 
through wells. Key factors in assessing the feasibility of injection wells include the depth 
of the well and the geologic characteristics of the aquifer. The depth to groundwater is 
crucial as it determines the head space available for injecting water under pressure. 
Additionally, the presence of confining layers above or within the aquifer needs to be 
considered. These layers can either aid in containing the recharged water within specific 
aquifer zones or pose challenges by restricting the flow of water.  High aquifer hydraulic 
conductivity facilitates the dispersion of water within the aquifer, while adequate 
storage capacity ensures that the aquifer can accommodate the additional volume. 

Both methods require careful monitoring and management to ensure effective recharge and to 
avoid potential issues such as clogging in injection wells or the formation of impermeable layers 
due to sedimentation in surface infiltration systems.  

In summary, assessing the suitability of an aquifer for different MAR methods requires a 
detailed understanding of its hydrogeological characteristics. This includes the depth to 
groundwater, confining layers, hydraulic conductivity, storage capacity, soil permeability, and 
the depth of the unsaturated zone. Such a comprehensive evaluation ensures that the chosen 
recharge method is not only feasible but also efficient and sustainable in the long term. 

E. Water Quality Considerations 

Water quality considerations are a central aspect of planning and implementing MAR projects. 
Ensuring that the quality of the source water is compatible with the existing groundwater is 
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vital primarily to prevent deterioration of water quality within the aquifer or contamination of 
the groundwater resource. 

1. Compatibility of Water Quality: The chemical and biological makeup of the source 
water needs to be thoroughly analyzed and matched with the characteristics of the 
groundwater. Factors such as pH, salinity, dissolved organic and inorganic compounds, 
and the presence of microbes and nutrients must be considered. This is important to 
prevent chemical reactions that could lead to clogging, especially in methods like 
injection wells, where fine pores can easily become blocked by precipitates or 
entrapped gases. Similarly, biological growth stimulated by organic compounds or 
nutrients in the recharge water can lead to biofouling, affecting the efficiency of the 
recharge process. 

2. PHREEQC Analysis: Tools like USGS’s PHREEQC (derived from the terms PH, REaction, 
and EQuilibrium in C language), a geochemical modeling software, are invaluable in 
assessing the chemical interactions between the recharge water and the aquifer 
material. This software can simulate a variety of chemical reactions, including 
dissolution, precipitation, ion exchange, and adsorption processes that might occur 
during and after the recharge. By using such models, project planners can predict 
potential problems and adjust the treatment of the source water or the recharge 
method accordingly to avoid adverse effects. PHREEQC analysis can also ensure that 
unintended consequences, such as the mobilization of lead or arsenic do not occur by 
introducing source water into an aquifer matrix where those interactions may occur. 

3. Vulnerability of the Aquifer to Contamination: The intrinsic characteristics of the 
aquifer, such as its hydrogeological features and existing quality of groundwater, 
determine its vulnerability to contamination. Assessing this vulnerability is crucial, 
especially when considering the recharge of treated wastewater or urban runoff, which 
may carry a range of pollutants. Understanding how contaminants move and degrade 
within the aquifer, and how quickly they can reach drinking water wells, is essential for 
safeguarding the quality of the groundwater. 

F. Environmental Impact Considerations 

Environmental impact considerations are an integral part of planning and executing MAR 
projects. The artificial introduction of water into an aquifer can have a range of effects on the 
hydrogeologic flow systems, local ecosystems, land use, and even farming practices. It is crucial 
to conduct comprehensive environmental impact assessments to anticipate, mitigate, and 
manage these effects. 

1. Alteration of Hydrogeologic Flow Systems: MAR can significantly modify the natural 
flow of groundwater. This alteration may affect not only the aquifer being recharged but 
also interconnected water systems. Changes in flow patterns can lead to unintended 
consequences such as the migration of contaminants within the aquifer, changes in the 
direction of groundwater flow, or alterations in the discharge patterns to springs and 
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streams. A detailed hydrogeological study is essential to understand these potential 
impacts and to design recharge systems that minimize negative consequences. 

2. Impact on Ecosystems: Ecosystems that depend on groundwater, such as wetlands, 
springs, and riparian habitats, can be profoundly affected by changes in groundwater 
levels and flow patterns. For example, increasing the groundwater-level through MAR 
might enhance wetland habitats in some cases, but it could also lead to waterlogging in 
other areas, adversely affecting terrestrial ecosystems. Additionally, changes in water 
quality due to recharge activities could impact aquatic life, particularly if the recharge 
water contains pollutants or nutrients. 

3. Land Use Changes: The implementation of MAR projects often requires physical 
infrastructure like recharge ponds, wells, or conveyance systems. This infrastructure can 
lead to changes in land use, potentially impacting local landscapes and land values. In 
agricultural areas, such changes could affect farming practices and land availability for 
cultivation.  

Addressing the potential environmental impacts of MAR is essential for the successful and 
sustainable implementation of these projects. Thorough evaluation and careful planning can 
help mitigate adverse effects, ensuring that MAR projects contribute positively to water 
resource management without compromising environmental integrity and the well-being of 
local communities and existing water supply systems. 

G. Regulatory Considerations 

Navigating the regulatory landscape is a critical aspect of planning and implementing MAR 
projects. A comprehensive understanding of the existing regulatory framework and permitting 
prerequisites is essential to ensure compliance and to facilitate a smooth project development 
process. These regulations are often multi-faceted, involving different state agencies and 
sometimes local jurisdictions, each with its own set of rules and areas of authority. 

1. State Agencies’ Jurisdiction: Typically, two primary state agencies are involved in the 
oversight of groundwater-related activities. The Department of Environmental Quality 
(DEQ) usually holds the primary authority over water quality concerns. This agency is 
responsible for ensuring that MAR projects do not negatively impact the quality of 
groundwater and adhere to environmental protection standards. They regulate aspects 
like the permissible levels of contaminants in the recharge water, monitoring 
requirements, and the impact of the project on existing water quality. Compliance with 
DEQ regulations is essential for obtaining project approvals and for the ongoing 
monitoring and management of MAR projects. 
On the other hand, the DWR oversees water rights and appropriation. This agency 
ensures that the water used for recharge is legally available and that the project does 
not infringe upon the water rights of other users.  

2. Local Jurisdictions and Land Use Regulations: Beyond state agencies, local jurisdictions 
like counties and cities may also play a significant role, especially when it comes to land 
use and zoning regulations. The siting of surface facilities for a MAR project, such as 
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recharge basins or infrastructure for water conveyance, must comply with local zoning 
laws and land use policies. This might involve obtaining special permits, adhering to 
specific construction standards, or engaging in public consultation processes. Local 
jurisdictions may also have specific environmental protection rules or water 
management plans that need to be considered. 

3. Navigating Regulatory Overlaps: Often, MAR projects may fall under the purview of 
multiple regulatory bodies, each with its own set of requirements. Navigating these 
overlapping jurisdictions can be complex and requires careful planning and 
coordination. Ensuring that the project complies with all relevant regulations is not just 
a legal necessity but also crucial for maintaining the project's legitimacy and public 
acceptance. 

4. Engaging with Regulatory Agencies: Early and proactive engagement with regulatory 
agencies can facilitate a smoother permitting process. This involves understanding their 
requirements, seeking their guidance during the planning phase, and keeping them 
informed throughout the project lifecycle. Building a positive relationship with these 
agencies can also be beneficial in addressing any regulatory challenges that may arise 
during the project. 

5. Keeping Abreast of Regulatory Changes: Regulatory frameworks are not static; they can 
evolve in response to new scientific findings, policy shifts, or changes in public priorities. 
Keeping abreast of these changes and understanding their implications for MAR projects 
is important for ongoing compliance and for adapting project management strategies as 
necessary. 

Regulatory considerations are required for successful implementation of MAR projects. A 
comprehensive assessment of the regulatory environment, adherence to the requirements of 
various agencies, and proactive engagement with regulatory bodies are key to navigating the 
complexities of water resource management and ensuring the sustainability and legal 
compliance of MAR initiatives.  As an example, an aquifer storage and recovery (ASR) project 
was conceived in the early 1990s to help resolve an impending municipal water supply crisis in 
the Lakehaven Utility District in Federal Way, Washington.  The project was intended to store 
enough water to annually serve the summertime needs of more than 100,000 people. The 
OASIS (optimization of aquifer storage for increased supply) project was finally completed in 
2007 after finally receiving the necessary state permits. The original feasibility study for OASIS 
occurred in 1994. For several years the OASIS Project was not pursued due to a lack of clear law 
regarding the ownership of artificially recharged water. In 2000, the state Legislature clarified 
the issue by expanding the definition of a reservoir to include aquifers, largely as a direct 
response to the OASIS Project. Later that year, Lakehaven submitted a reservoir application for 
the project. It took an additional three years, as a result of a rule-making process, for the 
Washington State Department of Ecology to begin processing the application. Ecology provided 
the district with a draft report of examination for the application in September 2005. Following 
negotiations with the district and tribal interests, an amended draft report of examination was 
written in May 2006. A final approved reservoir permit for the project was received by the 
district in September 2006, more than a decade after the project was deemed feasible and a 
full six years after the application was submitted.  
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H. Cost-effectiveness Evaluation 

Evaluating the cost-effectiveness of a MAR project is essential for determining its economic 
viability. This process involves a careful assessment of both the initial and ongoing costs against 
the potential benefits the project offers. 

1. Initial Capital Costs: The upfront investment is significant, covering the construction of 
recharge wells or basins, and any necessary infrastructure like pipelines or treatment 
facilities. Costs vary depending on the project's scale, the recharge method, and local 
geological conditions. 

2. Operational and Maintenance Costs: Ongoing expenses include the costs of operating 
the system, maintaining infrastructure, monitoring water quality and aquifer levels, and 
administrative tasks. Regular maintenance is key to maintaining system efficiency and 
longevity. 

3. Water Delivery Costs: The expense of transporting water to the recharge site, 
influenced by the distance and the mode of transportation, is an important factor, 
especially if the water source is far from the recharge area. 

4. Cost-Benefit Analysis: It's crucial to weigh these costs against the project’s benefits, 
which can range from increased water security and agricultural support to 
environmental protection. Quantifying these benefits, although challenging, provides a 
more comprehensive view of the project's value. 

5. Long-Term Financial Sustainability: Assessing the project's long-term financial 
sustainability involves considering future changes in water demand, potential regulatory 
shifts, and ongoing maintenance needs. 

6. Funding and Financing: Exploring diverse funding and financing options, like 
government grants, public-private partnerships, or water trading credits, is part of the 
economic assessment. 

Overall, a thorough cost-effectiveness evaluation helps in understanding the full financial 
implications of a MAR project, ensuring that it is not only feasible initially but remains viable 
and beneficial over the long term. 

I. Stakeholder Considerations 

Stakeholder support is essential for the success of MAR projects. Effectively engaging with and 
gaining the backing of various groups impacted by the project is crucial: 

1. Landowners: Their cooperation is vital, especially when projects require land for 
infrastructure. Transparent dialog over land use concerns, property values, and 
disruptions is essential. 

2. Community Members: Open communication with local communities is key to 
addressing concerns about environmental changes, water quality, and impacts on local 
amenities. 
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3. Water Users: Farmers, industries, and municipal suppliers have a vested interest in the 
project. Engaging with them helps understand and accommodate their water needs and 
quality concerns. 

4. Regulatory Agencies: Their approval is critical. Regular communication and adherence 
to regulations are essential for smooth project approval and implementation. 

5. Building Support: Educate stakeholders about the benefits, like improved water security 
and environmental protection, and address concerns to build broad-based support. 

6. Ongoing Engagement: Maintain a dialogue, provide updates, and be responsive to 
feedback throughout the project's lifecycle to sustain support and trust. 

Stakeholder engagement in MAR projects involves continuous dialogue and responsiveness to 
the concerns and needs of landowners, local communities, water users, and regulatory bodies, 
ensuring broad acceptance and support for the project. 
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APPLICATION OF THE RANKING CRITERIA AND CONSIDERATIONS 

With the ultimate goal of this project to rank and map North Dakota’s glacial drift aquifers for 
their MAR potential and identify the best candidates, it’s paramount to properly apply and 
weight each of the comprehensive set of criteria and considerations listed above. To this end, a 
systematic approach was employed to develop a comprehensive map of the aquifers, each 
annotated with a quantified level of suitability for becoming candidates for MAR. This process 
involved the implementation of a stratified evaluation framework, comprising five distinct tiers. 
Each tier represents a gradation in the likelihood of an aquifer being deemed an appropriate 
and promising candidate for MAR project to be able to artificially recharge a significant amount 
of water into the aquifer. This tiered system allows for a nuanced and detailed assessment of 
each aquifer's potential, facilitating informed decision-making in the selection of optimal 
candidates for MAR projects.  These five tiers are: 

Tier 1 – (Excellent MAR Potential): This is the highest rating, signifying that MAR could be 
exceptionally effective, and sustainable when integrated into the overall water 
management system.  
Tier 2 – (Very Good MAR Potential): This rating indicates that MAR could be highly effective 
and well-suited to the local hydrogeological conditions.  
Tier 3 – (Good MAR Potential): This rating is given when MAR could be generally effective 
and appropriate in limited site-specific areas.  
Tier 4 – (Fair MAR Potential): This rating suggests that MAR may provide some level of 
aquifer recharge potential or benefit, but there are significant limitations or inefficiencies.   
Tier 5 – (Poor MAR Potential): This rating indicates that MAR would likely be ineffective or 
unsuitable given hydrogeological context.   

A systematic ranking approach was applied to the aquifers listed in Appendix 3.  Application of 
the ranking criteria and considerations were applied to each of the aquifers with emphasis 
given to higher ranking for aquifers with the ability to accommodate 1,000 acre-feet annually or 
more through a MAR project. A review was made of published reports describing the aquifers, 
mostly from the County Ground Water Studies Series, where favorable conditions exist for the 
likelihood of a successful recharge through a MAR project. Favorable hydrogeological 
conditions for successful MAR projects would be in environments where aquifers are either in 
unconfined conditions and have sufficient depth to the water table to allow a mound to form 
yet not intersect the recharge basin floor, and have high enough transmissivity to allow 
recapture by high capacity production wells.   

The highest rating (Tier 1, excellent) denotes those aquifers with the highest level of need for 
artificial recharge to the aquifer to help solve past or ongoing over-appropriation effects, such 
as an unsustainable downward trend in water-levels or potential prior-appropriation conflicts. 
Also, aquifers where there is a perceived major future water need but lack existing capacity to 
serve the need without MAR support. Aquifers in this category also have the hydrogeologic 
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characteristics to enable large quantities to be put into storage to provide needed resilience to 
critical drinking water supplies through municipal and rural water systems.  

A Tier 2 (very good) rating was given to aquifers where MAR could be highly effective and well-
suited to the local hydrogeological conditions. These aquifers may also be highly appropriated 
and future appropriation limited because of the need to ensure the rights of the prior 
appropriators are protected. These aquifers could easily accommodate the storage of water 
added through a MAR project especially in areas where there is a high level of demand on the 
aquifer.  

Aquifers where there is significant development but no current need for substantial MAR 
enhancement are considered Tier 3 (good).   This rating is given when MAR could be generally 
effective and appropriate in limited site-specific areas and during drought cycles. Aquifers in 
this category typically have stable (or rising) water-level trends but may be susceptible if future 
large-scale development may lead to downward water-level trends. Also, MAR enhancement 
may allow additional appropriation to occur without violating the prior appropriation doctrine.   

Named unconfined aquifers with little or no significant development were ranked as Tier 4 (fair) 
potential simply because geologic conditions exist for success for successful MAR and if 
development were to occur in the future, they could become higher ranked and considered 
better candidates for MAR to occur.  These are aquifers are not currently moderately or heavily 
developed but may have the capacity to accept and store water either due to their high 
transmissivities or deeper water levels and could be used as transitory reservoirs to store water 
captured from surface water sources in times of abundant flow in those sources. The existing 
water quality may not be suitable for supply to irrigation or drinking water but could possibly 
be improved with the addition of higher quality surface water sources.   

Buried aquifers where there is no significant past, current, or imminent development rank the 
lowest (Tier 5, poor) for their MAR potential.  This rating indicates that MAR would likely be 
ineffective or unsuitable given their hydrogeological context. Attempts at MAR may lead to 
minimal or no recharge, or inefficient use of resources. In addition to buried (confined) aquifers 
with no significant development, unnamed aquifers, or other small aquifers with minimal or no 
existing or potential development were put into this category.  

 

Ranking Tier Number of Aquifers in Tier  
1. (Excellent) 3 
2. (Very good) 6 
3. (Good) 46 
4. (Fair) 55 
5. (Poor) 175 

Grand Total 285 



 

 27 

AQUIFERS BY RANK 

Tier 1 (Excellent potential for MAR consideration) 

Spiritwood-Warwick 

Wahpeton Buried Valley 

West Fargo 

 

Tier 2 (Very good potential for MAR consideration) 

Elk Valley South 

Enderlin 

Icelandic 

Minot 

Spiritwood near Jamestown 

Sundre 

 

Tier 3 (Good potential for MAR consideration) 

Bismarck 

Carrington 

Cattail 

Central Dakota 

Edgeley 

Elk Valley 

Elk Valley middle 

Elk Valley north 

Englevale 

Englevale Lower 

Englevale Middle 

Englevale Upper 

Fordville 

Glencoe Channel 

Guelph 

Hankinson 

Hofflund 

Inkster 

Jamestown 

Karlsruhe 

Knife River 

Lake Nettie 

Lake Souris 

LaMoure 

Little Muddy 

McVille 

Missouri River 

Napoleon 

New Rockford 

New Town 

Oakes 

Page 

Pleasant Lake - Int. Chan. 

Pleasant Lake - N Deep Chan 

Pleasant Lake - S Deep Chan 

Ray 

Sand Prairie 

Shell Valley 

Sheyenne Delta 

Spiritwood-Griggs 

Spiritwood-LaMoure SE 

Spiritwood-Oakes 

Strasburg 

Streeter 

Voltaire 

Warwick Aquifer 

Winona 

Wishek 

Tier 4 (Fair potential for MAR consideration) 

Adrian 

Antelope Creek 

Apple Creek 

Beaver Lake 

Braddock 

Brightwood 

Cherry Creek 

Crete 

Crosby 

Dead Colt 

Denbigh-Lake Souris 

Douglas 

Edinburg 

Ellendale 

Elm Creek 

Esmond 

Grenora 

Heimdal 

Hillsburg 

Horseshoe Valley 

https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=40
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/wr_investigations/wr20_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/gw_studies/gws_106_2_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Grand_Forks_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/gw_studies/gws_118_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Cavalier_Pembina_Part_III.pdf#page=49
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/gw_studies/gws_102_2_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=41
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/gw_studies/gws_102_2_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=62
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=48
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Emmons_Part_III.pdf#page=34
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/wr_investigations/wr57_report.pdf#page=55
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dickey_Lamoure_Part_III.pdf#page=52
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Grand_Forks_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Grand_Forks_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Grand_Forks_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ransom_Sargent_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ransom_Sargent_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ransom_Sargent_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ransom_Sargent_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Nelson_Walsh_Part_III.pdf#page=40
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/gw_studies/gws_93_2_report.pdf#page=41
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dickey_Lamoure_Part_III.pdf#page=44
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Richland_Part_III.pdf#page=34
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Williams_Part_III.pdf#page=73
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Grand_Forks_Part_III.pdf#page=38
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=21
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McHenry_Part_III.pdf#page=38
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mercer_Oliver_Part_III.pdf#page=57
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Sheridan_Part_III.pdf#page=20
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McHenry_Part_III.pdf#page=39
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dickey_Lamoure_Part_III.pdf#page=49
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Williams_Part_III.pdf#page=41
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Nelson_Walsh_Part_III.pdf#page=37
applewebdata://166C104D-0FF7-4D02-B52F-73FAB83B4D04/multiple
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Logan_Part_III.pdf#page=28
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=42
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=55
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dickey_Lamoure_Part_III.pdf#page=45
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Cass_Part_III.pdf#page=42
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=64
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=64
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=64
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Williams_Part_III.pdf#page=51
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ransom_Sargent_Part_III.pdf#page=39
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Bottineau_Rolette_Part_III.pdf#page=24
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ransom_Sargent_Part_III.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Griggs_Steele_Part_III.pdf#page=18
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dickey_Lamoure_Part_III.pdf#page=32
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dickey_Lamoure_Part_III.pdf#page=32
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Emmons_Part_III.pdf#page=24
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Logan_Part_III.pdf#page=23
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McHenry_Part_III.pdf#page=33
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=52
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Emmons_Part_III.pdf#page=36
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Logan_Part_III.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/wr_investigations/wr2_part2_report.pdf#page=36
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mercer_Oliver_Part_III.pdf#page=55
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=52
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Logan_Part_III.pdf#page=32
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Emmons_Part_III.pdf#page=33
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Richland_Part_III.pdf#page=39
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McKenzie_Part_III.pdf#page=45
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Divide_Part_III.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McHenry_Part_III.pdf#page=34
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Nelson_Walsh_Part_III.pdf#page=52
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dickey_Lamoure_Part_III.pdf#page=41
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Morton_Part_III.pdf#page=36
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=60
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Divide_Part_III.pdf#page=45
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=38
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Logan_Part_III.pdf#page=31
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=41
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James River 

Juanita Lake 

Karlsruhe Deep Channel 

Keene 

Killdeer 

Lignite City 

Little Missouri River 

Medford 

Medina South 

Milnor Channel 

Mohall 

Munich 

North Burleigh 

Northwest Buried Channel 

Painted Woods Creek 

Pembina Delta 

Pembina River 

Pipestem Creek 

Pleasant Lake 

Rugby Aquifer 

Rusland 

Skjermo Lake 

Spiritwood - Grand Rapids 

Spiritwood-Berlin 

Spiritwood-SE 

Spiritwood-Sheyenne River 

Square Butte Creek 

Strawberry Lake 

Tiffany Flats 

Tobacco Garden 

Tokio 

Trappers Coulee 

West Wildrose 

Yellowstone 

Yellowstone River Channel 

 

Tier 5 (Poor potential for MAR consideration) 

Austin 

Bantel 

Battle Creek 

Beaver Creek 

Beaver Creek2 

Belmont 

Bennie Peer 

Bicker 

Big Bend 

Big Coulee 

Buffalo Creek 

Burnt Creek 

Butte 

Charbonneau 

Cherry Lake 

Clayton 

Clearwater 

Cleary 

Colfax 

Columbus 

Cottonwood Creek 

Courtenay 

Crane Creek 

Cut Bank Creek 

Deer Lake 

Denbigh Buried Channel 

Des Lacs River 

Dry Fork Creek 

Dunseith 

East Fork Shell Creek 

Eastman 

Edgemont 

Elliot 

Estevan 

Fairmount 

Fillmore 

Foothills 

Foothills South 

Fort Mandan 

Fox Haven 

Garrison 

Glenburn 

Glenview 

Goodman Creek 

Grand Forks 

Gwinner 

Heart River 

Hiddenwood Lake 

Hillsboro 

Homer 

Horse Nose Butte 

Kenmare 

Kilgore 

Koble 

Lake Ilo 

Landa 

Leeds 

Little Heart 

Little Knife River Valley 

Little Stoney 

Long Lake 

Lost Lake 

Lower Wishek 

Lucy 

Maddock 

Manfred 

Martin 

McClusky 

McIntosh 

McKenzie 

Medina North 

Middle James 

Midway 

Missouri River - Lake Sak 

Missouri River-Oahe 

Montpelier 

Oberon 

Otter Creek 

Painted Woods Lake 

Pony Gulch 

Random Creek 

Renner 

Riverdale 

Rocky Run 

Rolla 

Roosevelt 

Rosefield 

Russell Lake 

Ryder 

Ryder Ridge 

Sanish 

Seven Mile Coulee 

Shealy 

Sheldon 

Shell Creek-Central 

Shell Creek-East Branch 

Shell Creek-White Lake 

Shields 

Smoky Butte 

Snake Creek 

Soo Channel 

Souris River 

South Branch Beaver Creek 

South Fessenden 

Spiritwood-Devils Lake 

Spiritwood-Rogers 

Spiritwood-Towner County 

Spring Creek 

Squaw Creek 

St. James 

https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Eddy_Foster_Part_III.pdf#page=93
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Eddy_Foster_Part_III.pdf#page=95
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McHenry_Part_III.pdf#page=38
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McKenzie_Part_III.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dunn_Part_III.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=49
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McKenzie_Part_III.pdf#page=45
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Nelson_Walsh_Part_III.pdf#page=50
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Richland_Part_III.pdf#page=37
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Cavalier_Pembina_Part_III.pdf#page=40
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Sheridan_Part_III.pdf#page=30
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/gw_studies/gws_102_2_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Sheridan_Part_III.pdf#page=27
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Cavalier_Pembina_Part_III.pdf#page=53
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Cavalier_Pembina_Part_III.pdf#page=44
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=36
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=64
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=33
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Divide_Part_III.pdf#page=40
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dickey_Lamoure_Part_III.pdf#page=32
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ransom_Sargent_Part_III.pdf#page=20
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Eddy_Foster_Part_III.pdf#page=78
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mercer_Oliver_Part_III.pdf#page=74
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=33
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/reports/2022-01-27-14140813838.pdf#page=3
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McKenzie_Part_III.pdf#page=48
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=68
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Divide_Part_III.pdf#page=48
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Divide_Part_III.pdf#page=34
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Divide_Part_III.pdf#page=34
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Cass_Part_III.pdf#page=48
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Grant_Sioux_Part_III.pdf#page=41
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Grant_Sioux_Part_III.pdf#page=40
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Grant_Sioux_Part_III.pdf#page=40
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Trail_Part_III.pdf#page=31
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McKenzie_Part_III.pdf#page=39
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=74
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McHenry_Part_III.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McKenzie_Part_III.pdf#page=42
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Eddy_Foster_Part_III.pdf#page=103
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Richland_Part_III.pdf#page=43
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=38
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=38
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McHenry_Part_III.pdf#page=36
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=38
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McHenry_Part_III.pdf#page=34
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=70
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Eddy_Foster_Part_III.pdf#page=77
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ransom_Sargent_Part_III.pdf#page=26
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Richland_Part_III.pdf#page=41
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=54
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=53
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Bottineau_Rolette_Part_III.pdf#page=30
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=76
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mercer_Oliver_Part_III.pdf#page=49
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Grand_Forks_Part_III.pdf#page=43
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ransom_Sargent_Part_III.pdf#page=28
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Grant_Sioux_Part_III.pdf#page=42
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf#page=39
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/gw_studies/gws_71_report.pdf#page=25
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dunn_Part_III.pdf#page=36
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=50
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McHenry_Part_III.pdf#page=40
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dunn_Part_III.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=49
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Morton_Part_III.pdf#page=38
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=67
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Barnes_Part_III.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Emmons_Part_III.pdf#page=30
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=46
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McIntosh_Part_III.pdf#page=27
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=48
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=51
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McHenry_Part_III.pdf#page=37
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Logan_Part_III.pdf#page=34
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=38
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=43
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Eddy_Foster_Part_III.pdf#page=103
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=56
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=78
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=62
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=38
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Bottineau_Rolette_Part_III.pdf#page=27
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=49
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Eddy_Foster_Part_III.pdf#page=104
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf#page=39
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf#page=42
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=23
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=61
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=61
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=61
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Morton_Part_III.pdf#page=42
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/reports/RD5677.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=47
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=59
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McIntosh_Part_III.pdf#page=31
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=52
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ramsey_Part_III.pdf#page=21
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Barnes_Part_III.pdf#page=33
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Towner_Part_III.pdf#page=18
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McIntosh_Part_III.pdf#page=23
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Morton_Part_III.pdf#page=44
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Starkweather 

Stoneview 

Stoney Creek 

Sydney 

Thompson 

Tolgen 

Tolgen North 

Tower City 

Trenton 

Turtle Lake 

Upper Apple Creek 

Upper Buffalo Creek 

Vang 

Wagonsport 

Weller Slough 

White Earth 

White Shield 

Wildrose 

Wimbledon 

Windsor 

Wing Channel 

Wolf Creek 

Ypsilanti 

Zap 

Zeeland 

Wahpeton Complex 

Wahpeton sand plain 

Wahpeton shallow sand 

West Fargo North 

West Fargo South 

 
  

https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ramsey_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=43
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Grand_Forks_Part_III.pdf#page=45
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf#page=43
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf#page=43
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Cass_Part_III.pdf#page=53
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Williams_Part_III.pdf#page=68
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=37
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=77
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf#page=47
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=74
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=49
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=69
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=41
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Williams_Part_III.pdf#page=60
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Barnes_Part_III.pdf#page=45
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#pge=43
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=61
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=52
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McIntosh_Part_III.pdf#page=28
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/wr_investigations/wr20_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/wr_investigations/wr20_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/wr_investigations/wr20_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Cass_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Cass_Part_III.pdf#page=29
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CREATION OF THE MAP SHOWING THE MAR POTENTIAL  

An interactive map showing a color-coded ranking of MAR Potential for each aquifer was 
created using a combination of geographical information system (GIS) tools and web mapping 
technologies. The aim was to enhance accessibility and user engagement with aquifer data 
through an interactive web-based platform.  The interactive map is available through the web 
at the web at https://mar.dwr.nd.gov.  A static images of the webpage are shown in Figures 5 
and 6. 

Data Sources and Initial Setup 

The foundational layer for the map was sourced from the DWR map service 
(mapservice.dwr.nd.gov), specifically the aquifer basemap. This layer provided crucial spatial 
information about the aquifers and aquifer names. The basemap was downloaded and 
imported into a QGIS project, a popular open-source GIS software.  In addition to the aquifer 
basemap, several other layers were incorporated to enrich the map's usefulness: 

• County Boundaries: To give spatial context within well-known political bounds. 
• Rivers and Streams: For a better understanding of the hydrological context and 

distance to aquifers if desired to be used as recharge sources to them. 
• Water Permits: Showing areas with active water rights. 
• Long-term Stream Flow Data: To give insight into surface water flow trends, 

quantity and quality. 
 
The aquifer layer was the focal point of this project. To maximize its utility, several fields were 
added to its attribute table: 

• County Study Hyperlinks: Linking to detailed studies or reports on aquifers within 
specific counties. 

• Composite Hydrograph Hyperlinks: Directing users to hydrograph data 
illustrating water-level changes over time. 

• Water Quality Hyperlinks: Offering quick access to water quality reports and 
data. 

• Areal Size and Approximate Thickness: Quantitative data providing a sense of the 
scale and capacity of each aquifer. 

• Calculated Volume: Estimating the total water volume contained within each 
aquifer. 

• MAR Rank: A qualitative measure based on various factors such as size, recharge 
rate, and water quality. 

Web Map Creation and Deployment 

With the data layers enriched and organized, the next phase involved converting the QGIS 
project into a web-accessible format. For this, the opensource plugin, qgis2web 

https://mar.dwr.nd.gov/
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(https://github.com/qgis2web/qgis2web), was employed. This tool facilitated the creation of an 
interactive web map directly from the QGIS interface. The resulting web map offered several 
interactive features: 

• Layer Toggling: Users can choose which layers to display, tailoring the map to 
their specific interests or needs. 

• Pop-up Windows: Clicking on an aquifer triggers a pop-up window, presenting 
the user with detailed information and hyperlinks to external resources. 

• Zoom and Pan: Intuitive navigation controls for exploring different regions of the 
map. 

• Rank Filtering 
• Aquifer Search 
• More info button and icon 
• Related links 

Accessibility and User Interaction 

The interactive web map can be accessed at mar.dwr.nd.gov. The interactive aquifer map uses 
a combination of GIS technologies and web mapping tools to bring static data together into an 
engaging and informative web-based platform. This approach significantly expands the reach of 
the map, allowing all users – researchers, policymakers, educators and the general public – to 
interact with aquifer MAR ranking data along with existing pertinent datasets allowing informed 
decision-making regarding water resources management with respect to managed aquifer 
recharge. 

https://github.com/qgis2web/qgis2web
https://mar.dwr.nd.gov/
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Figure 5. Interactive website displaying the ranking of MAR Potential for ND Glacial 

Drift aquifers. 
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Figure 6. Interactive website displaying the individual ranking tiers of MAR 

Potential for ND Glacial Drift aquifers. 
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DISCUSSION OF AQUIFERS WITH BEST MAR POTENTIAL 

There are nine distinct aquifers within the state which have been classified within the Tier 1 
(excellent) and Tier 2 (very good) categories, thereby signifying their strong potential suitability 
for successful MAR application. An in-depth analysis of the three aquifers within the Tier 1 
category is presented below. Following that, a concise overview of the six aquifers in the Tier 2 
category is also provided. 

Tier 1 – Excellent Potential for MAR  

The West Fargo aquifer system  

West Fargo aquifer is actually a system of aquifers with a similar depositional environment in 
and around the cities of Fargo and West Fargo (Figure 7).  Stated by Ripley (2000), “the spatial  

Figure 7. Figures from Ripley (2000) showing the map of aquifers making up the 
West Fargo Aquifer System and geologic sections of the West Fargo North 
and West Fargo South aquifers. 
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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 (WFAS) is found.” The 
two primary sub units of the WFAS are the West Fargo North and West Fargo South aquifers. 
The geologic setting for each of these aquifers is similar: about 50 to 100 feet of sand and 
gravel buried under approximately 80 feet of tight lacustrine clay and silt.  The tight lacustrine 
clay overlying the aquifer restricts any significant recharge from natural precipitation from 
making its way into the aquifer system hence, the water levels have declined over 100 feet  
since the 1930s when significant water supply development began for municipal and industrial 
supply began (Figure 8). 
 
The decline in water-level in the aquifer was apparently enough even in 1968 that an 
investigation was initiated by the SWC to investigate artificial recharge to the aquifer which was 
then referred to as the Southwest Fargo aquifer.  In 1968, the Civil Engineering Department of 
North Dakota State University, did a laboratory analysis that scale-tested the use of gravity 
shafts for groundwater recharge into the declining Southwest Fargo aquifer.  The laboratory 
investigation is described in a report entitled “The Use Of Gravity Shafts For Ground Water 
Recharge.”  To summarize the conclusions of the report, the number of 48” gravity shafts 
composed of uniform sands with different sizes with much higher permeabilities than the 
aquifer itself (U.S. Standard Sieves sizes 20, 30 and 40), would be 6, 18 or 25 shafts, 
respectively, to recharge 1MGD (million gallons per day) under water-table conditions. Larger 
sand sizes reduce the number of shafts but may increase the risk of clogging sediment or other 
detrimental elements entering the aquifer. Theoretically, the maximum permeability of the 
shaft should be provided for flow considerations, but the minimum permeability should be 
equal to that of the aquifer to prevent sediment from entering the aquifer.  
 
In laboratory tests, clogging occurred in the top few inches of the shaft, and in field conditions, 
it is possible that air binding or bacteriological clogging could occur, but it might be prevented 
by chlorination. Measures to prevent clogging by algae would need to be determined in field 
tests. Two shaft designs are feasible: (a) for shaft restoration and (b) for shaft replacement. 
Both designs include a minimum sand size to prevent sediment penetration into the aquifer. 
The shaft restoration design has a coarse gravel and sand at the bottom, reducing to a pea 
gravel and medium sand in the upper 10 feet, with a uniform fine sand in the top portion. The 
shaft replacement design is the reverse of this, with the minimum sand size equal to No. 20 
sand throughout the full depth. The reduction in clogging rate of the upper layers of the shafts 
under reduced sediment concentration shows that the life expectancy of the shaft can be 
extended and the permeability retained by a reduction in turbidity or sediment loading.  
 
Where land is available, simple detention or lagooning may reduce the necessary turbidity for 
highly turbid water. A sedimentation basin will also result in a reduction of particle size of the 
sediment. The shaft test results show a definite reduction in clogging rate in the upper level of 
the shaft with the use of recharge water having lower levels of turbidity. Turbidity levels in the 
Sheyenne River at Southwest Fargo at various flow rates were estimated, and the results of the 
laboratory tests were found to be applicable to future field experiments in the Southwest Fargo 
area using recharge water from the Sheyenne River. Sedimentation experiments using river 

https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/reports/west_fargo/THE_USE_OF_GRAVITY_SHAFTS_FOR_GROUND_WATER_RECHARGE-1968.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/reports/west_fargo/THE_USE_OF_GRAVITY_SHAFTS_FOR_GROUND_WATER_RECHARGE-1968.pdf
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water during higher river stages would be required to determine the physical and economic 
value of sedimentation for pre-treatment of recharge water during periods of high flows. 

The composite hydrograph of observation wells in the West Fargo Aquifer system shows there 
has been over 120 feet of water-level decline in the aquifer system as a result of municipal, 
industrial, and rural-water water supply development since the 1930s.  The reason for the large 
decline is the lack of significant natural recharge to the system due to the overlying tight lake 
clay layer.  Most of the water in the aquifer is thought to be connate water placed in the aquifer 
at the time of deposition during the Pleistocene, hence the “cold” signature in the stable 
isotopic analyses described by Ripley (2000). The pre-development aquifer water-level was at 
or near land surface. After several decades of pumping it appears the aquifer broke into 
unconfined conditions in approximately 1963 based on the inflection in slope of the water-level 
decline. A more gentle decline in water-levels occurred until about 1983 where a steeper 
decline began. It does not appear there was a dramatic increase in water usage to cause the 
decline so it is speculated that the decline may have been caused by a reduction in the areal 
size of the saturated portion of the unconfined aquifer. The water-level decline tapered off until 
about 2016 when water levels began to increase.  This is due to the City of West Fargo 
abandoning the West Fargo aquifer as their primary source of supply and transitioning to 
purchasing their municipal water from the City of Fargo which uses the Red River as their 
supply source. 

Recorded Water Usage from the WFAS since 1977 is shown in Figure 9.  The City of West Fargo 
was the primary municipal user until 2016, Cass County Water District is the primary rural water 
supply, and Cargil, Inc. is the primary industrial user from WFAS. 
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Figure 8. Composite Hydrograph of Wells in the West Fargo Aquifer System. 

 

 
Figure 9. Reported water usage from the West Fargo Aquifer System. 
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The overall water quality of the West Fargo aquifer can be characterized by the total dissolved 
solids (TDS).  The mean TDS trend of all samples from the West Fargo aquifer is shown in Figure 
10. The trendline of the mean TDS shows the water quality has improved over the period of 
record from approximately 1,000 mg/l in 1962 to approximately 600 mg/l in 2022. 

 
Figure 10. Spatial and Temporal TDS Analyses from the West Fargo Aquifer System. 
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Nearby surface water sources that could be used as sources of supply include the Sheyenne and 
Red rivers.  The mean TDS trends of these sources are show in Figures 11.  The Red River mean 
TDS is less than 500 mg/l which indicates excellent water quality and would improve the in-situ 
water quality of the aquifer if used as a MAR source. The Sheyenne River has an average TDS of 
approximately 900 mg/l which has been improving since about 2016 when the TDS was 
averaging approximately 1,150 mg/l (Figure 11).  At present, use of the Sheyenne River as the 
source of supply for MAR to the West Fargo aquifer system would slightly degrade the in-situ 
quality of the aquifer, however, if the trend of improving water quality in the Sheyenne River 
continues as it as for the last several years, it would become a very viable source of supply for 
MAR to the WFAS. 

 

 

 

 

 
Figure 11. Mean TDS of samples collected from the Red River at Hickson and Fargo 

and the Sheyenne River near West Fargo. 

The long-term mean flow is 468 cubic feet per second (cfs) in the Red River at Fargo and 192 cfs 
in the Sheyenne River at West Fargo.  Streamflow duration hydrographs for these two sources 
are shown below in Figure 12.    
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Figure 12. Streamflow Duration Hydrographs from the Red River at Fargo and the 
Sheyenne River near West Fargo. 

 

Pros and Cons of the West Fargo Aquifer as a candidate for MAR 

Pros: 
• Over 100 feet of water-level decline has occurred from development 
• Large reservoir for water to be stored due to past dewatering 
• Suitable fresh water supply nearby (Red and Sheyenne Rivers) 
• Could easily accommodate 1,000+ acre-feet per year in MAR 
• Could provide resiliency to the greater Fargo area water supplies. 
• Continued dewatering may result in some land subsidence if not addressed 

Cons: 
• Buried confined system  
• More sophisticated recharge method required 
• No immediate need for recharged water to be put to beneficial use 

 

Wahpeton Buried Valley aquifer 

The Wahpeton Buried Valley aquifer system is a complex of aquifers which occur at three 
distinct levels: the Wahpeton Shallow Sand (WSS) aquifer, the Wahpeton Sand Plain, (WSP) and 
the Wahpeton Buried Valley (WBV) aquifer (Ripley, 1992). From Ripley (1992): “The WBV 
aquifer is at least 12 to 15 miles long, about a mile wide, and has an average thickness of about 
125 feet. The aquifer terminates to the north somewhere near Abercrombie, and to the south 
the aquifer continues to at least several miles into Minnesota. The WBV aquifer crosses the Red 
River a mile southeast of Minn-Dak Farmers' Cooperative beet plant. 

The top of the aquifer is generally about 150 feet below land surface, although in places 
overlying sand units that are in direct connection with the sand of the WBV aquifer are found at 
depths of 75 feet or less in some places. The bottom of the WBV aquifer is generally about 250 
to 300 feet below land surface in the deepest part of the channel. The bottom of the aquifer in 
some areas is as little as 150 feet below land surface. 

The material found in the WBV aquifer is generally sand or sand and gravel. The sand is 
generally well sorted medium to coarse, subangular to subrounded sand. The pore space 
between the sand and gravel grains is where the water in the Wahpeton Buried Valley aquifer is 
stored. This space is approximately about 35 percent of the volume of the aquifer. Not all of the 
water in the pore space is retrievable. The actual retrievable volume of water stored is about 25 
percent of the aquifer volume.” 
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Honeyman (2021), provided updated information of the aquifer system in his Recommended 
Decision on an amendment to Water Permit Nos. 1822 and 1898 (Figure 13).  The amendment 
allows the City of Wahpeton to move their well field to a new location in the vicinity of 133-
048-02DDD. Should the city pump their maximum allocation at this location, an additional 40.5 
feet of drawdown could occur on top of the current developmental decline which the aquifer 
has already sustained in the decades since development began.  Total drawdown of 
approximately 80 feet at this location would put the water-level below the top of the aquifer at 
this location. Generally, the water-level decline in the aquifer as a whole has been 40 to 45 feet 
due to the demand of the municipal and industrial development in the aquifer (Figure 14).  

 
Figure 13.  From Honeyman (2021), Amendment to Water Permit Nos. 1822 and 

1898 - Aquifer Test Results  
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Figure 14. Composite Hydrograph of Wells in the Wahpeton Buried Valley Aquifer. 

 

Recorded Water Usage (from Permits in North Dakota) from the Wahpeton Buried Valley 
aquifer since 1977 is shown in Figure 15.  The primary municipal user is the City of Wahpeton 
and the primary industrial user is Minn-Dak Farmers Cooperative. Honeyman (2021) provide a 
thorough description of historical use in the aquifer including water-use by the City of 
Breckenridge, MN which pumps water from the WBV for their municipal use.   
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Figure 15. Reported water usage from the Wahpeton Buried Valley Aquifer. 

The overall water quality of the WBV aquifer as characterized by the mean total dissolved solids 
(TDS) trend of all samples from the WBV aquifer is shown in Figure 16. The trendline of the 
mean TDS shows the water quality has held steady over the period of record at approximately 
650 to 700 mg/l. 
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Figure 16.  Spatial and Temporal TDS Analyses from the Wahpeton Buried Valley 

Aquifer. 
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Nearby surface water sources that could be used as sources of supply include the Wild Rice and 
Red rivers.  The mean TDS trends of these sources are show in Figure 17.  The Red River mean 
TDS is less than 500 mg/l which indicates excellent water quality and would improve the in-situ 
water quality of the aquifer if used as a MAR source. The Wild Rice River average TDS trends 
from near 500 mg/l in 1970 to over 1,000 mg/l in 2020, however, appears to be in a declining 
trend to around 900mg/l in 2023 .  Use of the Wild Rice River as the source of supply for MAR 
to the Wahpeton aquifer system would degrade the in-situ quality of the aquifer at the present 
time but if the trend of improving water quality continues it may become a viable source of 
water for MAR to the WBV aquifer. 

 
Figure 17.  Mean TDS of samples collected from the Red River at Wahpeton and 

Hickson and Wild Rice River near Rutland and Abercrombie. 

The long-term mean flow is 468 cubic feet per second (cfs) in the Red River at Fargo and 192 cfs 
in the Sheyenne River at West Fargo.  Streamflow duration hydrographs for these two sources 
are shown below in Figure 18.    

Figure 18.  Streamflow Duration Hydrographs from the Red River at Fargo and the 
Sheyenne River near West Fargo. 
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Pros and Cons of the Wahpeton Aquifer as a candidate for MAR: 

Pros: 
• Over 45 feet of water-level decline has occurred from development 
• Large reservoir for water to be stored due to past dewatering 
• Suitable fresh water supply nearby (Red and Wild Rice Rivers) 
• Could easily accommodate 1,000+ acre-feet per year in MAR 
• Could provide resiliency to the Wahpeton area water supplies. 
• An additional 40 feet of decline could occur without the addition or artificial recharge 
• Immediate need  
• Would allow additional appropriation for beneficial use 

Cons: 
• Buried confined system  
• More sophisticated recharge method required 

 

Spiritwood aquifer near Warwick  

The Spiritwood aquifer near Warwick (SPW-WAR) is a segment of the Spiritwood aquifer that is 
for the most part hydraulically separated from the segment to the north, the Spiritwood aquifer 
near Devils Lake, and the segment to the south, the Spiritwood aquifer near the Sheyenne 
River.  The SPW-WAR is a buried confined aquifer that varies from 3 to 8 miles wide and is 
about 13 miles long and covers about 60 sq. miles. The aquifer is 150 to 200 feet thick along its 
axis in this segment. The aquifer is composed of sand and gravel ranging from fine sand to very 
coarse gravel and cobbles with a large portion of the aquifer consisting of coarse sand to fine 
gravel. Much of this segment of the Spiritwood aquifer is overlain by the Warwick aquifer.   The 
Warwick aquifer is a surficial outwash deposit. The aquifer thickness ranges from 20 to 200 feet 
and is for the most part unconfined. For the most part, the Spiritwood and Warwick aquifers 
are separated by a layer of either till or glacio-lacustrine clay and silt.  In some places, there is 
nearly continuous sand and gravel from the surface to the bottom of the SPW-WAR with just 
small interruptions of low-K material.  One such area is depicted on the Geologic section C-C’ 
from Patch and Honeyman, 2003 shown in Figure 19. 
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Figure 19. Geologic section C-C’ from Patch and Honeyman, 2003 showing the 
nearly continuous sand and gravel from land surface to the bottom of 
the Spiritwood aquifer in this area. 

 
There is a downward vertical gradient of flow at all locations where nested piezometers screen 
both the Warwick and Spiritwood aquifers (Table 6).  This indicates that MAR water loaded into 
the Warwick aquifer will infiltrate downward to the Spiritwood aquifer thereby allowing the use 
of recharge basins as the practical methodology for MAR into the SPW-WAR. 
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Table 6. Warwick and Spiritwood aquifer Water-Level Elevation Difference at Well Nest Sites 

 

Well Nest Location Aquifer Screened Screened Interval Water-Level 
Elevation 

Difference (ft) 
15006201DDD2 Warwick 5-15' 1465  
15006106CCC2 Spiritwood 198-203' 1446.05 18.95 

     
15006118BBB2 Warwick 0-15' 1455.59  
15006118BBB3 Spiritwood 292-302' 1444.39 11.20 

     
15006203DDD2 Warwick 5-15' 1471  
15006203DDD Spiritwood 168-173' 1448.24 22.76 

     
15006210DDD2 Warwick 0-10' 1471.65  
15006210DDD Spiritwood 168-173' 1447.62 24.03 

     
15006213CCC Warwick 0-10.4' 1459.18  
15006224CBB* Spiritwood 158-163' 1375.37 83.81 

     
15106203DDD1 Warwick 62-65' 1499.59  
15106203DDD4 Spiritwood 258-268' 1454.3 45.29 

     
15106220DAD2 Warwick 55-58' 1464.53  
15106220DAD1 Spiritwood 143-146' 1464.5 0.03 

     
15106223ABB3 Warwick 48-53' 1466.53  
15106223ABB2 Spiritwood 148-153' 1439.72 26.81 
15106223ABB Spiritwood 228-231' 1439.69 26.84 
      
15106224CCC3 Warwick 18-23' 1473.45  
15106224CCC Spiritwood 258-261' 1435.19 38.26 
      
15106224DDC3 Warwick 18-23' 1469.97  
15106224DDC2 Spiritwood 148-153' 1434.78 35.19 
15106224DDC1 Spiritwood 218-223' 1434.82 35.15 
      
15106225DAA3 Warwick 18-23' 1472.33  
15106225DAA2 Spiritwood 148-153' 1432.87 39.46 
15106225DAA1 Spiritwood 218-223' 1432.48 39.85 
      
15106227AAA3 Warwick 6-11' 1464.85  
15106227AAA2 Spiritwood 198-204' 1437.26 27.59 

     
* Well is screened in the Spiritwood aquifer near the Sheyenne River segment 

In the Spiritwood 
Near Sheyenne River 

min 0.03 
   mean 31.68 
   median 27.59 
   max 83.81 
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The composite hydrograph of observation wells in the SPW-WAR aquifer (Figure 20) shows 
there has been over 20 feet of water-level decline since 2002 in the aquifer system as a result 
of municipal, rural-water, irrigation development.  Since 2002, the decline rate has been 
approximately 1 foot per year.  The reason for the large decline rate is the deficit in the natural 
recharge to the system compared with the demand placed by the various use types. Although 
there is sufficient available drawdown at present, the unabated rate of decline could put these 
water supplies in jeopardy in the future.  Especially if the drought cycle were to exacerbate the 
rate of decline.      

 

Figure 20. Composite Hydrograph of Wells in the Spiritwood aquifer near Warwick. 

Recorded Water Usage from the SPW-WAR since 1977 is shown in Figure 21.  The aquifer 
supports about 3,000 acres of irrigation, the City of Devils Lake municipal supply, and Greater 
Ramsey Water District.  Both Greater Ramsey and the City of Devils Lake have agreements to 
supply water to neighboring water districts including Northeast Water District and Tri-County 
water users.  Over 15,000 people rely on these public water supplies according to annual use 
reports of these entities.  
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Figure 21. Reported water usage from the Wahpeton Buried Valley Aquifer. 

The overall water quality of the SPW-WAR aquifer as characterized by the mean total dissolved 
solids (TDS) trend of all samples from the SPW-WAR aquifer is shown in Figure 22. The trendline 
of the mean TDS shows the water quality has held steady over the period of record at 
approximately 450 to 500 mg/l. 
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Figure 22. Spatial and Temporal TDS Analyses from the Spiritwood aquifer near 

Warwick. 
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The only existing nearby surface water source that could be used as source of supply for MAR is 
the Sheyenne River located approximately 7 miles south of the aquifer.  The mean TDS trends 
of the source is shown in Figure 23.  Presently, the mean TDS is 900 to 1000 mg/l which 
indicates it would not be a suitable source since the aquifer has much fresher water and would 
degrade in quality with the addition of the Sheyenne River water.  If the water quality were to 
return to the pre-1995 level of under 500 mg/l TDS, it could be considered an excellent source 
of supply.  The only known potential alternative source would be Missouri River water via a 
pipeline shunt from the planned Red River Valley Water Supply project should that ever be 
considered to bring that water into the region. 

 

Figure 23. Mean TDS of samples collected from the Sheyenne River near Warwick. 

 

The long-term mean flow is 57 cubic feet per second (cfs) in the Sheyenne River near Warwick.  
Streamflow duration hydrograph for this location is shown below in Figure 24.    
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Figure 24. Streamflow Duration Hydrographs from the Sheyenne River near 

Warwick. 

Pros: 
• Over 20 feet of water-level decline has occurred in the past 20 years 
• Large reservoir for water to be stored due to past dewatering 
• Water levels are declining at a rate of 1 foot per year on average 
• Aquifer could easily accommodate 1,000+ acre-feet per year in MAR 
• Could provide resiliency to several rural water systems throughout the region. 
• Unique geology would allow basin infiltration to the overlying Warwick aquifer which 

will infiltrate down to the Spiritwood aquifer  
• Would allow for additional appropriation for beneficial use 

Cons: 
• No current nearby water source of equal or better quality than in-situ aquifer water 
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Aquifers in Tier 2 - Very good potential for MAR consideration 

Elk Valley South aquifer 

Pros: 
• Shallow unconfined system with limited resilience during extended drought periods 
• Supplies fresh drinking water to over 15,000 people in east central North Dakota 
• MAR would allow the appropriation of water to multiple pending permits 
• Water levels are declining slightly even through the recent 30-year wet cycle  
• Aquifer could accommodate 1,000+ acre-feet per year in MAR 
• Could provide resiliency to several rural water systems throughout the region. 
• Geology would allow basin infiltration method  
• Would allow for additional appropriation for beneficial use 

Note: The nearest source is the Turtle River which may not support 1,000 acre-feet per year of 
MAR water. 

 

Enderlin aquifer 

Pros: 
• The aquifer has sustained over 10 feet of water-level decline that has occurred in the 

past 12 years, yet water-use has been declining during that time 
• Aquifer could accommodate 1,000 acre-feet per year in MAR 
• Could provide resiliency to municipal and critical industrial water need in the region. 
• Geology would allow basin infiltration method  
• Maple River flows could support recharge project and in located nearby 
• Water quality of the aquifer and Maple River are similar 

Note:  MAR implementation would benefit the City of Enderlin and the nearby sunflower seed 
crushing plant which are the only two major users of the Enderlin aquifer. 

 

Icelandic 

Pros: 
• The aquifer is shallow unconfined, geology would allow basin infiltration method  
• Aquifer could accommodate 1,000 acre-feet per year in MAR due to demand 
• Water levels have declined over 5 feet and are continuing to declining slightly even 

through the recent 30-year wet cycle  
• Without MAR the aquifer the fairly thin, unconfined system could be susceptible to 

negative effects of an extended drought period 
• Could provide needed resiliency to a major rural water system, North Valley Water 

District 
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• Would allow for additional appropriation for beneficial use from the aquifer 
Note: The closest nearby source is the Tongue River which has adequate water quality by may 

lack a constant enough flowrate to be a viable MAR source especially during drought 
periods 

 

Minot aquifer 

Pros: 
• The aquifer has sustained over 25 feet of water-level decline since 2011 high 
• Due to declines, the aquifer has a large reservoir for water to be stored  
• Water levels are declining at a rate of about 2.5 feet per year 
• Aquifer could easily accommodate 1,000+ acre-feet per year in MAR 
• Could provide resiliency to the City of Minot and Northwest Area Water Supply System. 
• Has a proven track record for use in a past successful artificial recharge project 
• Would allow for additional appropriation for beneficial use especially industrial use 
• In-situ water quality could be dramatically improved with Souris River Water which has 

an average TDS of 600 mg/l 
Cons: 

• Poor in-situ aquifer water quality – average TDS is around 1,300 mg/l  
Note: Demand on the aquifer will essentially cease once the NAWS system in fully operational 

 

Sundre 

Pros: 
• The aquifer has sustained over 40 feet of water-level decline since 1975 high 
• Due to declines, the aquifer has a large reservoir for water to be stored  
• Water levels are declining at a rate of about 1.5 feet per year in the past decade 
• Aquifer could easily accommodate 1,000+ acre-feet per year in MAR 
• Could provide resiliency to the City of Minot and Northwest Area Water Supply System. 
• Has a proven track record for use in a past successful artificial recharge project 
• Would allow for additional appropriation for beneficial use especially industrial use 
• In-situ water quality could be dramatically improved with Souris River Water which has 

an average TDS of 600 mg/l 
Cons: 

• Poor quality in-situ aquifer water – average TDS is around 1,100 mg/l  
Note: Demand on the aquifer will essentially cease once the NAWS system in fully operational 
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Spiritwood near Jamestown 

Pros: 
• Could provide resiliency to two a rural water systems in the region. 
• Would allow for additional appropriation for beneficial use especially as industrial hub 
• Water quality is compatible with the James River, about three to seven miles distant 

Cons: 
• Buried confined system  
• More sophisticated recharge method required 

 

Aquifers in Tier 3 - Good potential for MAR consideration 

Tier 3 aquifers, classified as having good potential for MAR, possess a unique combination of 
characteristics that make them suitable for this purpose. However, there are also some 
limitations to consider when evaluating these aquifers. 

Pros: 

• Generally have favorable hydrogeological properties, such as high transmissivity, 
storage capacity, and unconfined setting which allow for efficient water storage and 
recovery during MAR operations. 

• There is significant demand on these aquifers justifying the need or potential use of 
MAR water. 

• The water quality in these aquifers is typically suitable for MAR, with good or adequate 
water quality for most beneficial uses. 

Cons: 

• Currently no overriding need for a MAR project due to current adequate water supply 
• Cost-effectiveness of a MAR project can not be justified under current conditions. 
• Water level trends indicate a stable or rising water-level   
• Limited surface water availability for use in a MAR project   

Aquifers in Tier 4 and 5 – Fair or Poor potential for MAR consideration 

Typically, the cons outweigh the pros for aquifers classified in these tiers.  They lack the need 
for MAR consideration or their hydrogeologic settings would not lend themselves to effective 
MAR implementation. 

  



 

 57 

SUMMARY AND CONCLUSIONS 

This project aimed to develop a comprehensive understanding of the potential for MAR in 
North Dakota. The project included four stages, with deliverables such as the development of a 
ranking criteria and considerations for MAR potential, a comprehensive database of existing 
aquifers, an interactive web-based map showing MAR potential, and a comprehensive report 
identifying the top potential MAR candidates and recommendations. 

This investigation has shown there are many potential candidates for successful MAR among 
the nearly 300 glacial drift aquifers, segments, or sub-units identified and mapped in North 
Dakota.  The project provides valuable insights into the use of MAR in state's aquifers. The 
ranking considerations allows for an assessment of each aquifer's potential for MAR. The data 
collected provides a comprehensive understanding of the baseline conditions of the aquifers 
and other water sources in the state. 

Ranking criteria were applied to each aquifer, resulting in detailed profiles and water-level 
trend analysis. The top-ranked aquifers with high MAR potential were identified for further 
study or implementation. Finally, a high-resolution interactive web-based MAR map was 
created. This report also provided recommendations for future MAR initiatives, pilot and/or 
production projects, and multiple scenario hydrological modeling of potential MAR. 

The completion of this project has laid a solid foundation for further exploration and 
implementation of MAR in North Dakota, which can contribute to the state's water 
management and sustainability efforts. 
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RECOMMENDATIONS 

Based on the results of this project, the following recommendations are made to further 
advance the understanding and implementation of MAR in North Dakota: 

1. Establish a dedicated MAR program: Create a dedicated program responsible for 
overseeing the development and implementation of MAR projects in the state. This will 
ensure that resources and expertise are effectively allocated to maximize the benefits of 
MAR for North Dakota's water management and sustainability efforts. 

2. Foster collaboration and partnerships: Engage stakeholders, including local 
communities, water users, other government agencies, and research institutions, in the 
planning and implementation of MAR projects. This will help to build support for the 
projects and ensure that the needs and concerns of all parties are addressed. 

3. Develop multi-scenario hydrogeological models of selected Tier 1 and Tier 2 candidates: 
Utilize the comprehensive data collected in this project to develop multi-scenario 
hydrogeological models that can simulate various MAR scenarios. This will help to 
identify the most effective and sustainable approaches to MAR in the state. 

4. Conduct pilot and/or production projects: Select the top-ranked aquifers identified in 
the project and initiate pilot or production projects to test the feasibility and 
effectiveness of MAR in these areas. This will provide valuable real-world data and 
insights into the practical aspects of implementing MAR in North Dakota. 

5. Continue research and monitoring: Invest in ongoing research and monitoring to refine 
the understanding of the state's aquifers and improve the effectiveness of MAR 
techniques. This will enable the state to adapt to changing conditions and make 
informed decisions about the future of its water resources. 
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Appendix 1. Valley City Project – Fargo Forum Article -1932. 



 

 63 

Appendix 2. Minot Aquifer Article in Public Works Periodical, 1968 
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need, the time factor was considered
critical. Funding was not immedi-
ately available and time for plan-
ning, fund-raising and construction
was inadequate.

2) Artificial recharge of the
Minot ground-water reservoir as
suggested by the U.S. Geological
Survey on the basis of a cooperative
investigation with the North Dakota
State Water Commission.

The ground-water recharge facil-ity described herein was designed
and constructed by the city oI
Minot. The facility, located at the
west end of Minot, is referred to
as a dual recharge system because
natural infiltration of surface water
from a spreading basin through a
surface layer of sandy clay is sup-
plemented by flow through gravel-
filled perforations, called "hydraulic
connectors," in the clay layer. It
covers a small area of city-owned
land and permits maximum water
in-filtration at nominal cost. The
artificial-recharge system, which
required relatively little time for
construction, has been successful
both in an engineering and ecorrorrt-ic sense and, no doubt, could be
used in other regions with similar
problems.

About 7.5 acres of land were pur-
chased by the city in an area where
investigations indicated maximum
infiltration rates probably could be
achieved. The long, narrow, wedge-
shaped plot trends east-west; it is
about 1,800 feet long and 260 feet
wide at the west end (Fig. 1). It
is bordered on the south by a rail-
road track, on the north by a hous-
ing development, and on the west
by a section-line road. Because of
the size and location of the area,the land was of little economic
value for other purposes.

Prior to construction, several test
holes were drilled at the site to
determine the subsurface condi-
tions. The upper 7 to 20 feet of
the strata consist of sandy clay and
a few thin layers of sand. At greater
depths a bed of coarse sand andgravel is present. About 45 feet ofthe deeper sand and gravel were
unsaturated at the time of test drill-
ing. The sand and gravel bed is

directly connected to the
aquifer; ln fact,
dewatered uppef

Focilities
Storage roservoir and

basin. A pit was constructed atwest end of the site to

N INTENSM ground-water
investigation in 1963-64 by the

sediment basin because water

A the Souris River contains a
concentration of sediment,

periods of peakU.S. Geological Survey, made in
cooperation with the North Dakota
State ]Mater Commission and the
city of Minot, served to forewarn
of an impending shortage of water
supply for the nearly 50,000 people.
The Minot ground-water reservoir
(aquifer), which in 1963 supplied
the city's entire water supply, was
being depleted faster by pumping,
about 4 mgd, than it was being re-
plenished by natural recharge,
about 3 mgd, from the Souris River
and adjacent buried glacial deposits.
Consequently, the drilling of addi-
tional wells in the already over-
developed aquifer would only ac-
celerate the depletion. Extensive
test drilling indicated that other
larger-yielding aquifers are not
preserl{ in the Minot area.

The Souris River had been used
as a source for part of the municipal
water requirements for many years.
Although the annual average flow
of the river is about 136 cfs, or
89 mgd, during dry weather there
is often no flow at all. Moreover,
much of the annual discharge is ap-
propriated to water rights preceding
those of the city of Minot. Hence,
much of the time the river is not
a reliable source of direct supply.
However, the relatively large peak
flows indicated that the Souris
River is a potential source of water
for recharge to the aquifer, partic-
ularly if surface-water control or
retaining structures could be built.

Two plans were considered to
alleviate the forthcoming water
shortage for the city of nearly
50,000 people:

1) A pipeline about 50 miles long,
connecting Minot with Garrison
Reservoir. The cost of the facility
in 1959 was estimated at $12 million
and because of the urgency of the

cially during
charge. The dimensions of theat land surface are 180 feet byfeet. It is 35 feet deep and
walls have a 2 to 1 slope. The
of the
60 feet
of the
but the

pit
by

measules
90 feet. The upperpit is constructed in

lower 15 to 23 feet are
unsaturated fine to coarse gravel.

Although the sediment basin
designed as a.holding structure
that the clay and silt would
out of the water before it
into the canals, observations
that initially the basin would
charge at least 2 mgd. As
the rate has since decreased,
to a buildup of fine material
the floor of the basin, which
quires periodic cleaning. The basin,
when full, holds about 300 million
gallons of water.

Recharge channel system. A Y-
shaped canal system was excavated
in the overlying clay to a depth of
about 10 feet, with a bottom width
of 12 feet and side slopes of 3 to
1. The wide bottom of the canal
permits entry of rnaintenance
equipment. The bottom area of the
canals is covered with 12 inches of
coarse gravel overlaid with 6 inches
of fine washed sand, forming a filter
bed. Although some infiltration
(leakage) will occur through the
upper layer of sandy clay, the rates
were considered to be too small to
be effective. The filter bed removes
sediment from the water and il
most effective when the water level
in the canals is just below the toP
of the filter bed. Although it has
not been done as yet, the water
level in the ,ianals could be main'
tained just'below the top of tlre
filter during the summer to inhibit
the growth of algae.
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ase thr'ough confining beds.
OligirraJly 36 hydraulic connec-

tors 30 inches in diameter were
boreri aiong the canal centerline
through thJ overlying clay into the
unsatulated sanal and gravel (Fig'
1). 'llhe holes range in depth frotn
Zb to SZ feet, for a total of slightlY
morer than 1,000 linear feet. TheY
were cased to their full depth wi'th
30-inch cliameter corrugated metal
culvei:t during the boring operation'
Following completion of each bor-

ing, a 1%-inch diameter plastic pipe
*is ittserted in the center of each
hole to Permit measurement of
water levels. While the casing was
being withdrawn, the holes were
Lack"fillecl with coarse, washed
gravel. A ?-foot section of the cul-
iert. including 18 inches extending
above the base of the canal, was

left in the upper part of tire hole'
The casing was pelforated and cov-
ered with"a mound of coarse gravel
that acts as a sediment filter'

Tests indicated that the hydraulic
connectors have an average infil-
tration rate of 60 gPm. It was as-
sumed, theref ore, that a total of
about 3..mgd of river water could

I AERIAL view of the rechorge foeility, showing how it is orronged on o nqrrow'

wedge-shoped piece of lond bounded by roi lroqd ond housing neEr the Souris River
q5

so
le
:d
:d
)-
t,
5

:
t,

1

tr [-IGURE I. Plon and section of Minot's ortifieiol reehorge faeility. Conneetors link eqnsls with the subsurfsce Erovel oquifer

ACCESS ROACANAL
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(30 INCHES)
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MATCH

PIPE

INTAKE

IilATCH
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( 72 INCHES )
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6 {e j:r8, 1'*r-;

Photo courtesy Minot Daily News
! VIEW sbove shows rechorgE Gonols, pottiolly filled, with fhe sediment bosin in the foreground. Culvert
ot lefi runs under the occess rood, A more recent piclure, below, wos mode ofter grovel doms were instolled
to reduce sediment lood going into conols. The doms ore ulso effective in removing flooting mosses of olgce.

be recharged through the 36 con-
nectors.

Several months after the recharge
system had been in operation, it
was found that the connectors were
becoming plugged with silt and
clay. Moreover, the small diameter
of the holes made it alrnost impos-
sible to remove the gravel pack.
Consequently, four holes, approxi-
mately 12 feet in diameter, were
excavated in the canals to a depth
of about 26 feet by a city-owned
crane with a 3/+ -yatd clam attach-
ment. Thirty-four feet of 72-inch
diameter cor:rugated culvert were
permanently installed in each hole
(the casing extended about 8 feet
above the bottom of the canal).
The upper 8 feet and the lower
4 feet of each culvert were perforated
with an acetylene torch to facilitate

water movement. To observe water
levels, 36 feet of 2-inch di:meter
steel pipe were installed in each cul-
vert prior to backfilling the excava-
tion with washed t/2-inch gravel both
inside and outside of the culvert.
The large diameter hydraulic con-
nectors can provide a total of at
least 1 mgd of recharge.

Site implovements. The align-
ment of the canals and settling
basin with respect to the prevailing
wind direction indicated a need for
slope erosion control. Sod was used
rather than seeding because of the
steepness of the slopes and the
immediate need for slope protec-
tion. All exposed slopes were
sodded to operational water stage.
This process provided excellent ero-
sion protection on the canal mar-
gins; however, it became immedi-

ately evident that additional pro-
tection was neeCed on the pit slopes
to reduce the erosive action oI
wind-driven waves.

The wave-erosion problem was
eliminated by placing a heavy-duty
plastic sheet, 12 feet wide, around
the entire perimeter of the pit. It
was positioned so that the mean
water level in the pit 'n'ould be at
the approximate centerline of the
plastic, thus providing 6 feet of lin-
ing above water level. Although ice
in the pit exceeds 24 inches in thick-
ness during the winter, the plastic
liner has remained in place and un-
damaged. Installation involved the
insertion of metal pins through
wooden slats placed on the upper
and lower edges of the liner.

Chain link security fencing with
barbed wire climbing guards was
placed around the entire recharge
site. The fence is 6 feet high, in-
cluding two gates, 12 feet wide.

T[ater-transmission system. The
water supply for the artificial-re-
charge system is obtained from the
Souris River at a point approxi-
mately 1,000 feet south of the re-
charge site. A deep well turbine
pump was removed from an exist-
ing well adjacent to the river and
two 2S-horsepower horizontal
pumps were installed in a pump
house with intakes in the river.
This installation is separate from
the intakes and pumps for the sur-
face water treatment plant, which
are about a mile downstrearn from
the recharge site. Because the aban-
doned deep well is connected to the
city's system by a 10-inch cast iron
main laid in the section line right-
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: iiieryi j$sk'-:is. ' ::'r's ''

crete structure with two gates capa-
ble of allowing 2,300 cfs to Pass'
The total cost of the dam was aP-
rt""i-"tAv $8?,000, of which $30,-
6OO *". P"ia UY the North Dakota
Stut" Wut"" Commission' The re-
*"i"'"g $57,000 was Paid bY the
City of Minot'

Following construction of the
dam, the citY was able to PumP
40 pur"errt of t.O mgd of the mu-

"i"ip"f daily requirement directly
f."* tn" ,iver. buting PerioCs of
ato"gnt, howevet, the quantitY 

- 
of

*ut"i itt surface storage will be de-
pteted rapidly and the city will have
io- itt".""t. withdrawals from the
sround-water reservoir accordingly'

The costs involved in the con-
struction of Minot's dual-technique
artificial-recharge facility were
small in "o-puiiso.t to the benefits

Photo couitesy M:not Daily Nevs

'I CITY MANAGER Yernon Fohy checks woter level recorder during con'

struction of the rechort"-i""liiit' The observotion well is 68 feet deep'

Table l-Costs ond Estimotes
Recharge site

Purchase of land

Excavationofbasinandcanalsystem'(8Tcpercubicyard)..,..
Boring of 36 3O-inch diameter and 4 72-inch diameter hydraulic

connectors, including culvert

Site improvements (sod, plastic liner' security fencing)

Water transmission system (1,000 feet of l0-inch cast iron main'

installation of PumPs)

Souris River dam. (city cost $57,000) ' ' '' '

Total cost

Annual maintenance and cleaning costs of entire facility

Estimate of costs for alternate method

Pipeline to Garrison Reservoir (1959 estimate) " " "'

PUBLIC WORKS for SePtember 1968

received, insignificant if compared
i"-it'" "ii-aied, cost of $12 million
io. " pip"li^e from Minot to Garri-
;;; -t'";-;"ir, and infinitesimal if

"o-pur"d with the cost of a sur-
face-water reservoir with a storage

""pu"ity equal to that of the Minot

"q"if"t. The actual costs of con-

"i"""ti"g the entire recharge facilitlr
are summarized in Table 1'

ExPerience
During the last two Years Minot

has beei able to take some Portion
of its st PP1Y from the river during

"if -"*ht excePt JanuarY and

February. When there is amPle
?f.*. "U""t 40 to 50 Percent river
water is used and the balance trom
*"ifr fft" amount available from
th" -ti,r"" decreases rapidly after
i;;"b;;l when the uPstream dam

"*"J Uv the Bureau of SPorts
ii.fr""i"t "u"d Wildlif e is closed for
the winter season'"'-in" ,u"tturge system is operated
whenever theie is enough water in
ttr" ,in"t to do so' Last winter it
,t"t -".t Possible to recharge be-

"*t" of jack of flow' ExPerience
i"Ji*t"t that winter recharging is
*Jti- "iri"i"nt because of lack o{

"lnrl ""a a lower sediment load'-'-Th" 
"utt"ls at the recharge site

,""*- to offer conditions conducive
i.- n."*tft of algae' These growths

""^"-U" f.iff"d by drying the- canals
iot " f"* daYs' Coarse rock dams
ftu"" U""" constructed at the point
;l;" the canals connect with the
seJi*"tation pit thus requiring all
water to flow through about a ten-
foot width of coarse rock just as

Itl"t""t the canals' This should fil-
t"r ""t some of the coarser algae
*niJ have been PumPed from the
;i;;; "t well as reduce the sedi-
ment load'

A definite time schedule for
cleaning the recharge site has not
been established but, based uPon

(Continued on Page 148)
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$ 8,228.00
35,060.35

t2,347.50
16,885.00

33,653.00
87,000.00

$193,173.85
$ 1,200.00
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EANISTER ENGINEERING CO,
Consulring Enginccn

.'gtr[od to oooDt.tcty iU murtolDd
rGqulrcmortr io! DrotGsrtotrt tcrytcr"

310 Nc. 3nrlllng Avr. Trt, f,ilidwoy 6-26t1
5r. Pcul.l, lllnnorota

HOWARD K. BELL
Consulting Engineas, Inc.

553 S. Limo3tonc St. lcxingron, Ky, 40501Phonc 605 252-n^

Traffic - Parklnc - Trensportatlon - DesignClty Planninp - Financlns Alds

E. A. Borton ond Associqtes, lnc.
Consultants Plonners
l/O4 E. 9th Sr. r Clevclsnd, Ohio 44114
New York o Bqhimore o Tompo r Dcllqs

Ssn Frqncisco o Honolulu o Sqn Juqn o foronlo

bbqa
BEtt|HAM-BTAIR
& AFFITIATES, INC.
Engineering Division

Established in 1909
t Oklahoma City . phoenix
. Los Angeles . Little Rock
. Miami a Washington, D. C,

a Jackson

Elgin:urinC ly.Waste Disposat, Cooting
Water .and Water Supply Structurcs,f oundations and Mechanical Works

n Streei Chicogo. lllinois 60606400 West Modiso

M
ENGINEERING COMPANY

HOLZMACHER, McLENDON & MURRETL
Consulting Engineers

Communlty parks - Ice Rinks _ Swimmtng poots
Water Supply. Treatment, Storage and Distrlbuflon

Sewerage, Sewege anal Industrial Wsstes Treatment
Studles - Reports - Design - Construcilon SuDervlston500 Brood Hollow Rosd

Mclville, New York 11745
66 Wost l/lqrie Street
Hicksville, New York

.7lzKuljicrn elnaifu POWER PIANTS, A|RpORTS ondAIRPORT FACIIITIES
HIGHWAYS, EXPRESSWAYS.
WATER ond SEWAGE WORKS_F.lgop CoNTROT, tRR|GATION
INDUSTRIAI PTANTS

ENG'NEERS . CONSUIIANTS
Dcrigns . Surveys . Planning

I2OO NORIH BROAD STREET, PHIIADEI.PHIA, PA. I912I

WATER SUPPIY & POII.UTIOI{
CONTROT SYSTEMS. POWER
PTANTS . INGINERATORS

TUDOR EIVGINEER'Ng COMPANY
Coaruhiag Enginccn

,"*.",..T:il!'nSiHr*ryft$gqle"ffi:e$,lic,rh.uoh.E Clo-Porat plrEtt,
52t mcrbr tr..t, Son Froncircc, ¤cllfornic 9ll05tbphcnr Codr No. ati_9!2_t33t

A,lincolo, N.y.

CHARTES R VETZY ASSOCIATES, INC.
Conwlting Engine*t

'"*!"i3"$Pt"o,t"o8"#$;Iff l'".f,iff tb-:f-*".'.

30O Mortine Ave, Whito plqins, N.y. New City, N.Y,

ftlt INl cl]ttFIN
AssstltrTf,s

tltltttl\ tri\rttllrl llrltllr

f,ILt!trr
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Effects of Urbon Renewol ond
Expresswoy Work

Due primarily to urban renewal
1lo . expreslway construction, theurncinnati Division of Water pol_
lution Control reports that it loosesapproximately one existing accounttor everv three new accounts.

River Bonk Debris Removql
Prog,rom

aaa
Artificiol Rechorge Fociliry

(Conti.nued from page gS)
experience to date, it appears thatsn sarly spring cleaning and a latesu-mmer cleaning might be mosterfective. With an efficient filter atthe river intake to remove sedi_ment we might possibly get by withorre cleaning pe" y""". Ctuu"i"g oithe sediment basin is accomplis=hed
b-y removing all accumulatio"; i;;;
the_ pit with a traek-rnounted frontend .loader _or dragline and by re_moving_ and washing all the 

- 
rockrn the larger connectors. The smallhydraulic connectors are still func-tioning to a limited extent but noeJfort is being made to maintainthem.

Sev_eral major benefits have oc_crrred- or can be anticipatedthrough Minot's *"tu"_d";;i;;;;;;
p,rgCraT, and especially the artifi_crar-recharge- operation. Of primermportance is the rapid rise inwater level throughoui the enti"e
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W&ter Supply-DralnBge and Sewerage Systems

ll Bescon Stro.t, 8o3ton, f,loss. 02108

FtltKBEtilER, PETTTS & STRoUT
Consulting Engineers

Water Supply, water Treatment,
Scwerage, Sewage Treatment,

Urban Planntng
4405 Tolmodge Rocd toledo, Ohio 43623

Phone (419) 479-0621
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WATTER H. FIOOD E CO.
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Enginecn
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aquifer, This rise, in places, ex-
ceeded 20 feet within 6 rnonths s1
operation. Well-field pumping was
shifted to the area of greatest
water-level rise, thus reducing
pumping costs and allowing re-
covery in the previous pumping
centers. In addition, interference
between pumpilrg wells was reduced
owing to the higher water level.

Future municipal withdrawals
can be increased because of the
large quantity of water added to
underground storage. It has been
estimated that during optimum op-
erating conditions, at least 4 mgd
are added to storage by artificial
means, and at least 3 mgd by nat-
ural infiltration from the surface
and from underflow from adjoining
ground-water sources. The city, at
present, withdraws an annual aver-
age of 1.6 mgd directly from the
Souris River ar.d 2.4 mgd from
wells, thus the net quantity of
water added to underground stor-
age is about 4.6 mgd. Much of this
water previously flowed unused
down the Souris River.

The construction of the dam in
the river stabilized the river stage
and in'creased the depth of the
water over the water-treatment
plant intake. The added depth per-
mitted a longer operating cycle of
the plant's filter beds because of
the decrease in the amount of sedi-
rnent and algae in the raw water.

The ground water in .the area of
the recharge site is expensive to
treat because of poor chemical qual-
ity. It is relatively high in sodium,
bicarbonate, and total dissolved sol-
ids. Water from the Souris River,
however, is considerably less miner-
alized. A mixture of 40 percent
river water and 60 percent well
water has been found the most
economical to treat.

In addition, the higher levels en-
hanced the appearance of the river
channel and increased the value of
abutting properties.

The imaginative water-manage-
ment prbgram by the City of Minot,
which effectively uses water re-
sources locally available, has elim-
inate'd the necessity of importing
water from the distant Garrison
Reservoir. The $12 million saved is
indicative of the tremendous eco-
nomic potential of artificial recharge,
in this instance employing hydraulic
connectlon between the recharge
source and the aquifer. trtrtr
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Appendix 3. All Named Aquifers In NDDWR Mapservice Database.  Hyperlinks To County 
Studies Report Page Or Other Prominent Report Where They Are Described. 

 
 
 

Adrian 

Antelope Creek 

Apple Creek 

Austin 

Bantel 

Battle Creek 

Beaver Creek 

Beaver Creek2 

Beaver Lake 

Belmont 

Bennie Peer 

Bicker 

Big Bend 

Big Coulee 

Bismarck 

Braddock 

Brampton 

Brightwood 

Buffalo Creek 

Burnt Creek 

Butte 

Carrington 

Cattail 

Central Dakota 

Charbonneau 

Cherry Creek 

Cherry Lake 

Clayton 

Clearwater 

Cleary 

Colfax 

Columbus 

Cottonwood Creek 

Courtenay 

Crane Creek 

Crete 

Crosby 

Cut Bank Creek 

Dead Colt 

Deer Lake 

Denbigh 

Denbigh Buried Channel 

Denbigh-Lake Souris 

Des Lacs River 

Douglas 

Dry Fork Creek 

Dry Lake 

Dunseith 

East Fork Shell Creek 

Eastman 

Edgeley 

Edgemont 

Edinburg 

Elk Valley 

Elk Valley middle 

Elk Valley north 

Elk Valley South 

Ellendale 

Elliot 

Elm Creek 

Emerado 

Enderlin 

Englevale 

Englevale Lower 

Englevale Middle 

Englevale Upper 
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https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=64
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=64
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=64
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=78
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Williams_Part_III.pdf#page=51
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=62
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=38
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Bottineau_Rolette_Part_III.pdf#page=27
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=49
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=33
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Eddy_Foster_Part_III.pdf#page=104
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf#page=39
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf#page=42
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ransom_Sargent_Part_III.pdf#page=39
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=23
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=61
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=61
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=61
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=61
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Bottineau_Rolette_Part_III.pdf#page=24
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ransom_Sargent_Part_III.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Morton_Part_III.pdf#page=42
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Divide_Part_III.pdf#page=40
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/reports/RD5677.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=47
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=59
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McHenry_Part_III.pdf#page=39
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McIntosh_Part_III.pdf#page=31
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McIntosh_Part_III.pdf#page=31
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Wells_Part_III.pdf#page=52
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dickey_Lamoure_Part_III.pdf#page=32
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=41
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=41
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ramsey_Part_III.pdf#page=21
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Griggs_Steele_Part_III.pdf#page=18
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dickey_Lamoure_Part_III.pdf#page=32
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Dickey_Lamoure_Part_III.pdf#page=32
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Barnes_Part_III.pdf#page=33
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ransom_Sargent_Part_III.pdf#page=20
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Eddy_Foster_Part_III.pdf#page=78
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Eddy_Foster_Part_III.pdf#page=78
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Towner_Part_III.pdf#page=18
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Towner_Part_III.pdf#page=18
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=40
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McIntosh_Part_III.pdf#page=23
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mercer_Oliver_Part_III.pdf#page=74
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Morton_Part_III.pdf#page=44
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Ramsey_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Emmons_Part_III.pdf#page=24
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=33
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Logan_Part_III.pdf#page=23
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/gw_studies/gws_102_2_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=43
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Grand_Forks_Part_III.pdf#page=45
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/reports/2022-01-27-14140813838.pdf#page=3
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McKenzie_Part_III.pdf#page=48
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=68
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf#page=43
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf#page=43
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Cass_Part_III.pdf#page=53
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Williams_Part_III.pdf#page=68
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=37
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=77
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Renville_Ward_Part_III.pdf#page=47
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McHenry_Part_III.pdf#page=33
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=74
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/wr_investigations/wr20_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/wr_investigations/wr20_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/wr_investigations/wr20_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/wr_investigations/wr20_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Benson_Pierce_Part_III.pdf#page=52
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=49
https://www.dwr.nd.gov/info_edu/reports_and_publications/pdfs/gw_studies/gws_106_2_report.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Cass_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Cass_Part_III.pdf#page=29
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Divide_Part_III.pdf#page=48
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burke_Mountrail_Part_III.pdf#page=69
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=41
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Williams_Part_III.pdf#page=60
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Barnes_Part_III.pdf#page=45
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Stutsman_Part_III.pdf#pge=43
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Burleigh_Part_III.pdf#page=61
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Emmons_Part_III.pdf#page=36
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Logan_Part_III.pdf#page=35
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Mclean_Part_III.pdf#page=52
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Divide_Part_III.pdf#page=34
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Divide_Part_III.pdf#page=34
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Divide_Part_III.pdf#page=34
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/Divide_Part_III.pdf#page=34
https://www.dwr.nd.gov/info_edu/reports_and_publications/county_groundwater_studies/pdfs/McIntosh_Part_III.pdf#page=28
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Appendix 4. 2022 Reported Water Use From Aquifers (not including temp permits). 
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Appendix 5. Composite Hydrographs of Aquifers Using “Trends” Program  
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Source code for Trends algorithm 
 
  
/*  ---------------------------------------------------- 
       User name (OS): Chris Bader : Christopher D. Bader 

       Date and time: 7/22/1993, 14:01:58 
       Last Modified: 11/21/2023 

https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/antelope_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/apple_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/bismarck.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/brampton.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/brightwood.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/carrington.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/cattail.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/central_dakota.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/charbonneau.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/cherry_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/clearwater.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/columbus.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/crete.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/crosby.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/denbigh.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/denbigh.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/denbigh.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/douglas.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/shell_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/eastman.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/edgeley.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/elk_valley.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/elk_middle.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/elk_north.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/elk_south.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/ellendale.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/elliot.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/elm_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/enderlin.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/englevale.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/englevale-lower.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/englevale-middle.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/englevale-upper.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/esmond.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/fairmount.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/fordville.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/garrison.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/glenburn.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/glencoe_channel.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/goodman_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/grenora.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/guelph.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/gwinner.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/hankinson.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/heart_river.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/heimdal.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/hofflund.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/horse_nose_butte.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/horseshoe_valley.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/icelandic.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/inkster.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/james_river.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/jamestown.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/juanita_lake.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/karlsruhe.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/karlsruhe.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/keene.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/kilgore.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/killdeer.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/knife_river.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/lake_ilo.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/lake_nettie.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/lake_souris.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/lamoure.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/lignite_city.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/little_heart.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/little_knife_river_valley_aquifer.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/little_missouri_river.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/little_muddy.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/little_stoney.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/lost_lake.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/wishek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/maddock.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/manfred.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/martin.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/mckenzie.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/mcville.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/midway.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/milnor_channel.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/minot.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/missouri_river.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/missouri_river.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/missouri_river.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/mohall.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/munich.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/napoleon.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/new_rockford.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/new_town.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/northwest_buried_channel.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/oakes.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/page.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/painted_woods_lake.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/pembina_river.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/pleasant_lake.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/pleasant_lake.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/pleasant_lake.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/pleasant_lake.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/pony_gulch.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/ray.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/rugby.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/rusland.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/ryder_ridge.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/sand_prairie.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/sanish.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/seven_mile_coulee.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/shell_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/shell_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/shell_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/shell_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/shell_valley.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/sheyenne_delta.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/shields.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/skjermo_lake.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/smoky_butte.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/soo_channel.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/souris_valley.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spiritwood.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spiritwood_grand_rapids.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spiritwood_near_jamestown.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spiritwood_devils_lake.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spiritwood_griggs.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spiritwood_lamoure_se.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spiritwood_oakes.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spiritwood_rogers.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spiritwood_se_and_brampton.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spiritwood_near_sheyenne_river.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spiritwood_towner_county.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spiritwood_near_warwick.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/spring_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/strasburg.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/strawberry_lake.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/streeter.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/sundre.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/tiffany_flats.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/tobacco_garden_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/trappers_coulee.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/trenton.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/turtle_lake.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/upper_apple_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/voltaire.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/wahpeton_buried_valley.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/wahpeton_complex.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/wahpeton_sand_plain.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/wahpeton_shallow_sand.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/warwick.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/west_fargo.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/west_fargo_north.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/west_fargo_south.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/west_wildrose.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/white_shield.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/wildrose.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/wing_channel.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/winona.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/wishek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/wolf_creek.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/yellowstone_buried_channel.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/yellowstone_buried_channel.pdf
https://www.dwr.nd.gov/info_edu/reports_and_publications/managed_aquifer_recharge/pdfs/aquifer_trends/wl_trends/yellowstone-missouri.pdf
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       ---------------------------------------------------- 
       Method: E_WatLev_Trends 
       Description 
  
         This procedure is called from the Export button 
script from the  
         WH Output Form layout.  The procedure is used to 
generate 
         Water Level trends for the individual 
hydrologists.  In order to call 
         this procedure the hydrologist must first pass the 
wells to the export 
         array within the layout and then select the 
appropriate button setting  
         to invoke the well run sheet selection from the 
pop list for exporting 
         water level information 
  
       Parameters 
       ---------------------------------------------------- 
*/ 
  
C_LONGINT($1; vParentProcess) 
C_BLOB($2) 
  
vParentProcess:=$1 
  
ARRAY LONGINT(vWellIndexAr; 0) 
BLOB TO VARIABLE($2; vWellIndexAr) 
  
QUERY WITH ARRAY([Well_Header]Well_Index; vWellIndexAr) 
  
C_BOOLEAN(terminateProcess; processCompleted) 
terminateProcess:=False 
//TRACE 
C_BOOLEAN(vDone) 
vDone:=False 
  
C_LONGINT($i; $j) 
C_LONGINT($Time; $vNum) 
C_LONGINT($k) 
C_REAL($Depth1; $Depth2; $Total) 
C_DATE($BeginDate; $EndDate) 
C_DATE($Date1; $Date2) 
C_REAL($DiffDepth) 
C_TEXT($LineRet) 
C_TEXT(progressMessage) 
C_REAL(progressStatus) 
  
$vNum:=Records in selection([Well_Header]) 
If ($vNum#0) 
       progressMessage:="Setting up Index Array" 
       progressStatus:=0 
  
       RELATE MANY SELECTION([Water_Levels]Well_Index) 
       QUERY 
SELECTION([Water_Levels]; [Water_Levels]Time_Meas=?00:00:00
?) 
       QUERY 
SELECTION([Water_Levels]; [Water_Levels]Depth_to_Water>-
9000; *) 
       QUERY SELECTION([Water_Levels];  & 
; [Water_Levels]Depth_to_Water<9000) 
       ORDER BY([Water_Levels]; [Water_Levels]Date_Meas; >) 
       // Establish the Begining and ending dates and 
number of days between 
       FIRST RECORD([Water_Levels]) 
       $BeginDate:=[Water_Levels]Date_Meas 
       LAST RECORD([Water_Levels]) 

       $EndDate:=[Water_Levels]Date_Meas 
       $Time:=$EndDate-$BeginDate 
       ARRAY LONGINT(vWLTrendInd; $Time) 
       ARRAY REAL(vWLYear; $Time) 
       ARRAY REAL(vWLTrendSum; $Time) 
       vWLYear{1}:=Year of($BeginDate)+(($BeginDate-
Date("01/01/"+String(Year of($BeginDate)))+1)/365.25) 
       For ($i; 2; $Time) 
              vWLYear{$i}:=vWLYear{$i-1}+0.002737851 
       End for  
  
       progressMessage:="Generating Array Data" 
       progressStatus:=0 
  
       FIRST RECORD([Well_Header]) 
       $i:=1 
       While (($i<=$vNum) & (Not(terminateProcess))) 
              progressStatus:=$i/$vNum 
              progressMessage:="Processing Wells . . ." 
  
              RELATE MANY([Well_Header]Well_Index) 
              QUERY 
SELECTION([Water_Levels]; [Water_Levels]Time_Meas=?00:00:00
?) 
              QUERY 
SELECTION([Water_Levels]; [Water_Levels]Depth_to_Water>-
9000; *) 
              QUERY SELECTION([Water_Levels];  & 
; [Water_Levels]Depth_to_Water<9000) 
              ORDER 
BY([Water_Levels]; [Water_Levels]Date_Meas; >) 
              FIRST RECORD([Water_Levels]) 
              For ($j; 1; (Records in 
selection([Water_Levels])-1)) 
                     $Depth1:=[Water_Levels]MP_Elevation-
[Water_Levels]Depth_to_Water 
                     $Date1:=[Water_Levels]Date_Meas 
                     NEXT RECORD([Water_Levels]) 
                     $Depth2:=[Water_Levels]MP_Elevation-
[Water_Levels]Depth_to_Water 
                     $Date2:=[Water_Levels]Date_Meas 
                     If ($Date2#$Date1) 
                           $DiffDepth:=($Depth2-
$Depth1)/($Date2-$Date1) 
                           For ($k; ($Date1-$BeginDate); 
($Date2-$BeginDate-1)) 
                                  vWLTrendInd{$k}:=vWLTrend
Ind{$k}+1 
                                  vWLTrendSum{$k}:=vWLTrend
Sum{$k}+$DiffDepth 
                           End for  
                     End if  
  
              End for  
              NEXT RECORD([Well_Header]) 
              $i:=$i+1 
       End while  
  
End if  
  
processCompleted:=True 
  
Repeat  
       DELAY PROCESS(Current process; 120) 
Until (terminateProcess) 
ARRAY LONGINT(vWLTrendInd; 0) 
ARRAY REAL(vWLYear; 0) 
ARRAY REAL(vWLTrendSum; 0) 
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Appendix 6. Reported Water Usage Plots for Selected Aquifers. 
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Appendix 7. Plots of TDS Trends from Selected Aquifers. 
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Appendix 8. Plots of TDS Trends from Selected Rivers. 
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Appendix 9. Plots of Streamflow Duration Hydrographs from Selected Streamgage Sites  
(from waterwatch.usgs.gov). 
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