








differential subsidence and fracturing. 

Thus, a premining inventory of the 

overburden oriented toward the identifica­

tion of these critical geochemical factors 

is essential to post-mining groundwater 

design. An understanding of the original 

environment of deposition of the overbur­

den materials in conjunction with a well­

integrated mining and reclamation plan 

will allow for the design of a post-mjning 

landscape in which the water chemistry is 

predictable. Selective ha.ndling and place­

ment of spoils will be required in some 

settings. Sodium or sulfide-rich unoxi­

dized materials should be placed in the 

base of the spoils. This position will 

generally be below the post-mining water 

table. Such positioning will greatly de­

crease the potential for sulfate and sodi­

um generation in the post-mining ground­

water system and should, over the long 

term, result in the generation of water of 

similar quality to that which existed prior 

to mining. 

4.7 Regional Distribution of Aquifers 

4.7.1 The Fox Hills Aquifer 

The Fox Hills aquifer is the only 

continuous regionally-extensive sandstone 

aquifer with potable water that underlies 

the Knife River basin and the rest of the 

southwestern part of North Dakota. The 

aquifer is composed primarily of sandstone 

beds in the upper part of the Fox Hills 

Formation. The sandstone is fine- to 

medium-grained, formed of sediment 

deposited in a shoreline coastal or lagoon­

al environment. In the Knife River basin 

the sandstone of the Fox Hills Formation 

varies in thickness from about 100-300 

feet (30-90 m). Although the major part 

of the Fox Hills aquifer consists of sand­

stone of the Fox Hills Formation, in some 

parts of western North Dakota the aquifer 

comprises sandstone beds of the lowermost 

part of the Hell Creek Formation. Sedi­

ment of the Hell Creek Formation is 

believed to be con tinental in origin. 

Permeable zones in the lower part of 

the Hell Creek Formation probably owe 

their origin to deposition in the higher 

velocity zones in stream channels. These 

zones are expected to be irregular and 

discontinuous in comparison to the exten­

sive sheet-like sand of the Fox Hills 

formation. It is rarely possible on the 

basis of borehole descriptions and geo­

physical logs to separate the aquifer zone 

into Fox Hills and Hell Creek segments. 

For convenience we have chosen to refer • 
to the aquifer as the Fox Hills aquifer 

even though in places the permeable zone 

extends into the basal part of the Hell 

Creek Formation. 

No regional studies of the Fox Hills 

aquifer have been reported on the litera­

ture. Descriptions of the yield capability 

of the aquifer and its water quality are 

included on a county by county basis in 

county groundwater resource studies 

conducted by the North Dakota State 

Water Commission in cooperation with the 

U.S . Geological Survey. The following 

comments on the hydraulic conductivity 

and yield capabilities of the aquifer are 

based on information in these reports. 

The fox Hills aquifer is of special 

importance in areas where surface mining 

occurs or is planned because in the event 

that the groundwater in the reclaimed 

land is unsuitable for domestic or live­

stock use, deeper wells will have to be 

used. In many areas the Fox Hills aquifer 

is the only aquifer with major yield capa­

bilities existing below the main coal that 

will be removed or otherwise affected by 

mining. Since the Fox Hills aquifer is a 

regional water-supply zone and since 
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withdrawals in one part of the aquifer 

have potential to affect other parts of the 

aquifer, the discussion that follows con­

siders the aquifer in the Knife River 

basin and in areas much beyond the 

basin. 

Figure 4.7.1-1 shows the distribution 

of outcrop and subcrop areas of the Fox 

Hills Formation and the regional stratigra­

phy in North Dakota and in, neighboring 

segmen ts of Montana and South Dakota. 

Figure 4.7.1-2 indicates the southern limit 

of ice coverage during major episodes of 

Pleistocene glaciation. In the area between 

the limit of the earliest glaciation and the 

limit of the early Wisconsinan glaciation, 

the glacial deposits are thin, generally 

less than 10 or 20 feet (3 or 6 m) thick. 

In the extreme southwestern part of 

North Dakota and neighboring areas of 

Montana and South Dakota a significant 

area of outcrop occurs in the unglaciated 

region. In the south-central part of North 

Dakota extensive areas of outcrop occur 

where the glacial deposits are generally 

very thin. This outcrop belt extends into 

the northern part of South Dakota. A 

large area of subcrop occurs in central 

and northern North Dakota. 

The regional stratigraphic setting 

shown in figure 4.7.1-1 indicates that the 

Fox Hills aquifer is basin shaped, with 11s 

structurally lowest zone occurring beneath 

the Knife River area. In the Knife River 

basin the top of the aquifer ranges in 

depth from 700-1 400 feet (210-420 m) 

below ground surface. The aquifer attains 

a maximum depth in Dunn Coun ty where 

it is about 1 400 feet (420 m) below 

ground surface. Figure 4.7.1-1 indicates 

that the Fox Hills aquifer is underlain by 

the Pierre Formation of Cretaceous age. 

This formation is composed almost exclu­

sively of marine shale rich in montmoril­

lonitic clay minerals. It is an aquitard of 

extremely low permeability. The Fox Hills 

aquifer is confined above by siltstone and 

shale strata in the Hell Creek Formation. 

Although these beds are not nearly as 

thick and regionally extensive as the 

shale of the Pierre Formation ( and al­

though the Hell Creek Formation also has 

numerous sandstone strata, they never­

theless are believed to act as a regional 

aquitard. Trapp and Croft (1975) provide 

results of a particle size analysis on a 

core of shale from .the middle of the Hell 

Creek Formation in Mercer County. Clay 

and silt-sized particles constituted 49 

percent of the sample. Core samples from 

sandy strata in the upper part of the Hell 

Creek Formation had silt and clay con­

tents ranging between 6 and 23 percent. 

4.7.2	 Aquifers in the Upper Hell Creek, 

Cannonball, and Ludlow 

Formations 

Permeable zones occur in the upper 

Hell Creek Formation and in various posi­

tions in the Lower Cannonball and Ludlow 

Formations. These zones consist of discon­

tinuous units of fine- to medium-grained 

sand, interbedded with silty and clayey 

sediment. These aquifers are within an 

approximate 250-foot (75-m) interval, the 

depth of which varies from 300-1 200 feet 

(90-365 m) across the study area (pl. 2). 

Very few wells in the study area are 

screened in these units. 

Very little data is available regarding 

the hydraulic properties of the upper Hell 

Creek and Cannonball-Ludlow aquifers. 

Hydraulic conductiVity values from cores 

obtained in Stark County (Trapp and 
-4Croft, 1975) ranged from 3.4 X 10 to 

7 X 10-3 cm/s. Because of the discontinu­

ous nature of the permeable zones and 

more readily available water supplies in 

the overlying Lower Bullion Creek aquifer 
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Figure 4.7.1-2. Southern limit of glaciation and thickness of non-valley fill Pleistocene deposits in southwestern 
North Dakota. 

zone, it is unlikely that this aqUifer in various published reports. In a report 

system will ever be extensively devel­ on the groundwater resources of Mercer 

oped, and Oliver Counties, Croft (1973) de­

scribed a regional aquifer in the lower 

4.7.3	 Lower Bullion Creek Aquifer Zone part of the Bullion Creek (Tongue River) 

Formation. He referred to the aquifer as 

The areal extent of the Lower Bullion the "Lower Tongue River aquifer," Croft 

Creek aqUifer zone is much more limited (1973) indicated that the aquifer, which 

than that of the Fox Hills aquifer, being is composed mainly of sandstone beds, 

largely restricted to the Knife River basin underlies most of Oliver County and the 

and adjacent areas to the north and southwestern corner of Mercer County. 

south. The Bullion Creek Formation In a report on the geology and 

outcrops or is covered by thin glacial groundwater resources of Hettinger and 

drift in northern Burleigh, eastern Stark Counties, Trapp and Croft (1975) 

Oliver, and eastern Morton Counties. The describe an aquifer system that they 

unit is also exposed in western North consider to include beds in the upper 

Dakota in McKenzie, Golden Valley, part of the Ludlow Formation and all of 

Billings, and Slope Counties. the Bullion Creek (Tongue River) Forma­

The Lower Bullion Creek aquifer zone tion. In this "system" they include the 

was briefly discussed in section 1.1.4. "basal sandstone member" of the Bullion 

References to this aquifer are to be found Creek Formation. They include a map of 
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the transmissivity and yield of this aqui­

fer. In a compilation of basic hydrogeo­

logic data for Dunn County, Klausing 

(1976) identified deep wells screened in 

the Bullion Creek Formation (referred to 

by Klausing as the II Tongue River Aqui­

fer") without indicating if the wells occur 

in the basal part of this formation. 

As is indicated by plate 2, the lower 

part of the Bullion Creek Formation 

consists of numerous discontinuous sand 

units rather than a single widespread 

unit. The total composite thickness varies 

from 0-200 feet (0-60 m) and includes 

sand units within the Hansen, Harmon, 

and Weller Slough intervals. We therefore 

refer to this composite of sand unit as an 

II aquifer zone" rather than as a distinct 

aquifer. The Hensler bed, as described in 

the discussion of the Falkirk area (sec. 

4.3) is within this aquifer zone. 

There is a very limited amount of 

data on the hydraulic properties of the 

Lower Bullion Creek aquifer zone within 

the study area. Several cores were ana­

lyzed from Dunn County (Klausing, 

1976). These cores yield an average 

hydraulic conductivity of 4 X 10-5 cm/s. 
The occurrence of water supply zones 

in the Bullion Creek Formation has impor­

tance with respect to coal mining in the 

Knife River basin. If groundwater in the 

cast overburden in the reclaimed land 

develops water quality that renders it 

unsuitable for domestic or livestock use, 

there will be a need for alternative water 

supplies at greater depth. The aquifer 

zone in the Lower Bullion Creek Formation 

would, in this circumstance, constitute a 

logical alternative water supply. This 

aquifer zone, unlike the Fox Hills aqui­

fer, generally does not have fluoride 

concentrations at levels above the maxi­

mum permissible limits for drinking water 

and may therefore have enhanced value 

relative to the Fox Hills Formation. This 

topic is discussed further in section 

4.9.3. 
In this report our consideration of 

the hydrogeology and hydrochemistry of 

the aquifer zone in the Lower Bullion 

Creek Formation is restricted to the Knife 

River basin and adjacent areas. 

4.8 Regional Aspects of Groundwater Flow 

4.8.1 Flow in the Fox Hills Aquifer 

The following discussion will consider 

flow in the Fox Hills aquifer on a regional 

scale extending from the outcrop areas in 

eastern Montana and southwestern North 

Dakota to the outcrop and subcrop areas 

in south-central North Dakota. The north­

ern limit of the region of flow system 

analysis generally follows the valley of 

the Missouri River. Figure 4.8.1-1 shows 

the potentiometric surface of Fox Hills 

aquifer in the region of interest. The 

depth of wells in the aqUifer is included 

in appendix C-II. The locations of wells 

with water-level data used in preparation 

of figure 4.8.1-1 are shown in figure 

4.8.1-2. 

The water level and chemical data 

used in this study were largely obtained 

from published county groundwater 

studies from the respective portions of 

the area as well as from unpublished U. S. 

Geological Survey data made available in 

computer tabulations. Plate 23 shows the 

locations of all Fox Hills wells having 

complete chemical analyses. All analyses 

are included in appendix C- II. As part of 

the present investigation several samples 

from Fox Hills wells were analyzed. These 

additional wells and corresponding anal­

yses are also included on plate 23 and in 
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appendix C- II. With the exception of a 

regional potentiometric map, the maps of 

other parameters in the Fox Hills aquifer 

presented in this report were produced 

by trend surface analyses. Contoured 

surfaces obtained by trend surface anal­

ysis reflect the regional trends of the 

data instead of the actual values and are 

very useful for the presentation of highly 

complex data. The lack of complexity of 

potentiometric values allowed for standard 

contouring techniques to be used in the 

construction of the potentiometric surface 

map. 

A trend surface map is produced by 

fitting a polynomial surface to data using 

the least-squares criterion. The surface 

is computed by minimizing the sum of the 

squared deviations between given values 

at the data points and the value of the 

surface at the data points. The complex­

ity of the surface to be fitted is defined 

by the order of the polynomial. That 

order is the order of the trend surface 

analysis. For further discussion of the 

procedures used in trend surface anal­

ysis, see Dougenik and Sheehan (1975) or 

Harbough and Merriam (1967). 

The complexity of the map representa­

tion is controlled by the order of the 

analysis. Larger orders of analysis allow 

more inflections on the map surface and 

the result will more closely resemble the 

standard contour map. Trend surface 

analysis is in effect a filter that reduces 

the complexity represented on the map 

and allows trends to become aJ:lparent. 

The lower the order of analysis, the 

greater the reduction in complexity. 

However, the trend surface map can 

misrepresent the data, especially if the 

order selected does not approximate the 

complexity of the standard contoured 

surface. In this study, several orders of 

analysis were examined prior to the 

selection of an order for the final repre­

sentation of a given set data. The highest 

order available in SYMAP, sixth order. 

was usually the most appropriate. In any 

case. any order trend surface map is 

likely to differ from the standard contour 

map. Therefore, a trend surface map 

should not be used to determine a given 

value at a given map location. Only the 

regional trends of the data are repre­

sented. 

Approximate flow directions are shown 

in fjgure 4.8.1-1. These flow directions 

were obtained by interpretation of the 

potentiometric surface using the assump­

tion that in the horizontal plane the 

aquifer is isotropic. Figure 4.8.1-3 shows 

the regional topography of southwestern 

North Dakota and adjacent areas. As 

would be expected from the location of 

the outcrop areas in relation to the re­

gional topography, the southwestern 

portion of the region is dominated by flow 

from the west and southwest which gradu­

any trends eastward toward the Missouri 

River lowland in the south-central part of 

the state. Water in the Fox Hills aquifer 

in the Knife River basin is part of this 

flow domain. A portion of the aquifer 

south of the Knife River basin is fed by 

water recharged in upland areas near the 

North Dakota-South Dakota border. Fig­

ure 4.8.1-1 indicates that water flows 

toward the Missouri River lowland in 

south-central North Dakota from the west 

and from the east. Uplands that are gen­

erally associated with outcrops or sub­

crops of the Fox Hills Formation east of 

the Missouri River are recharge areas for 

the eastern flow domain of the aquifer. 

To obtain estimates of the velocity of 

groundwater flow in the Fox Hills aquifer 

the follOWing relation, which is an adapta­
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Figure 4.8.1-3. Regional topography of southwestern North Dakota and adjacent areas. 

tion of the Darcy equation, will be used: 

v = _ K dh 
n 41 (4.8.1-1) 

where v is the average linear ground­

water velocity, K is the hydraulic conduc­

tivity, n is the porosity, and 6. hi 6.1 is 

the hydraulic gradient. For purposes of 

illustrative calculation, a groundwater flow 

path extending from the southwest corner 

of North Dakota will be considered. The 

flow path extends northeastward and then 

eastward toward the valley of the 

Missouri River. From figure 4.8.1-1 an 

average value of about 1.5/1 000 for the 

horizontal hydraulic gradient along this 

regional flow path is obtained. 

Croft and Wesolowski (1970) made 11 

flow tests and 38 recovery tests on wells 

in the Fox Hills aquifer in Mercer and 

Oliver Counties. These tests yielded val­

ues of hydraulic conductivity in the range 

of < 0.134-16 feet « .04-4.8 m) per day 

and averaged 2 feet (0.6 m) per day. 

Based on interpretation of resistivity 

curves of electric logs of oil, gas, and 

groundwater test holes, Trapp and Croft 

(1975) es tirnated that the range of trans­

missivity for the Fox Hills aquifer in 

Hettinger and Stark Counties is between 
2 2)110 £12 and 390 ft2 (33 m and 117 m

per' day. Based on a thickness of 400-500 

feet (120-150 m) in this area. this is 

eqUivalent to a hydraulic conductivity 

range of about 0.25-1 foot (.08-.3 m) per 

day. The porosity of sand units in the 

Fox Hills aquifer is estimated to be within 

the range of 0.15-0.35. A reasonable 

average for the porosity of the sand is 

0.25. Using equation 4.8.1-1 and the 
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average values indicated above for n, K, 

and L:. h/L:. I, an average groundwater 

velocity of 4 feet (1.2 m) per year is 

obtained. In this discussion this value 
will be used as an order-of-magnitude 

estimate of regional velocity of ground­

water in the Fox Hills aquifer. About 

1 300 years would be required for 

groundwater to travel a distance of one 

mile at this velocity. In the Knife River 

basin segment of the Fox Hills aquifer, 

groundwater that has been recharged in 

the extreme southwestern part of the 

state or in western Montana has travelled 

a distance of about 75-125 miles (120-200 

krn). If the water travels at the average 

velocity indicated above, the age of Fox 

Hills water in the Knife River basin would 

be in the range of about 100 000 to 

160 000 years. Considering the fact that 

the most permeable beds in the aquifer 

have hydraulic conductivities that are a 

factor of four or more larger than the 

"average" value used in the velocity 

calculation and considering that the most 

permeable zones could provide for a large 

portion of the total northeastward and 

eastward flux through the aquifer, the 

age of much of the water in the Fox Hills 

aquifer in the Knife River basin could be 

much less than the ages indicated above. 

A few tens of thousands of years would 

be a reasonable estimate as a minimum age 

for water from this western source area 

that has travelled as far as Dunn, Mer­

cer, or Oliver Counties. 

The Fox Hills aquifer also receives 

water as a result of vertical leakage 

through the aquitards that confine it 

above and below. The Pierre Formation, 

which is composed of montmoriUonitic 

shale with thin interlayers of bentonite, 

occurs beneath the Fox Hills Formation. 

Little is known about the hydrogeological 

characteristics of this formation. Since it 

is thick and has an overburden load of 

1 500 feet (450 m) or more, it is reason­

able to expect that the hydraulic conduc­

tivity of the Pierre Formation is extremely 
small. Shurr and Bredehoeft (1977), 

based on regional modeling study of deep 

groundwater flow in South Dakota, con­

cluded that the hydraulic conductivity of 

this formation is on the order of 3 
-12 -4X 10 ft/s (10 mD) _ To obtain an 

estimate of the flux of water that may be 

moving vertically through the Pierre 

Shale, a vertical hydraulic gradient of 

10-1 will be assumed. For the purpose of 

illustrative calculations, the flux area 

used will be a strip 1 foot (0.3 m) wide 

and 1 mile (1.6 kIn) long. From the Darcy 

equation the flow across this area is: 

0.05 feet3 (0.0015 m3) per year. 

To place this flow estimate in perspective, 

the eastward horizontal flux of water in 

the Fox Hills aquifer will be estimated 

using the Darcy equation. For input, the 

same parameter values used above in the 

average groundwater velocity calculation 

are used. This yields a flow rate of 438 

feet3 (12.4 m3) per year across a vertical 

strip of aquifer of 1 foot (0.3 m) in width 

and 400 feet (120 m) thkk. If a hydraulic 

conductivity value at the upper end of 

the range reported by Croft and 

Wesolowski (1970) is used (i. e., 16 feet 

(4.8 m) per day) I the calculated flow is 

3 600 feet3 (102 m3) per year. With a 

vertical flux of 0.05 feet3 (0.0015 m3) per 

year per horizontal mile, 100 miles (160 

kIn) of flow distance along the aquifer 

would be required to yield 5 feet3 (0.15 

m3) per year of water to the aquifer. 

With a vertical input of this magnitude, 

only very little of the flow in the Fox 

Hills aquifer even at considerable distance 

from the recharge areas can be accounted 

for by vertical leakage from below. Even 

if the hydraulic gradient or the hydraulic 
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conductivity of the Pierre Formation is 

much larger than the values used in the 

calculations (i. e., an order of magnitude 

larger), the vertical flux into the aquifer 

would still be very small relative to the 

vertical flow. 

The above illustrative calculation in 

no way establishes whether or not upward 

leakage of water from the Pierre Forma­

tion into the Fox Hills aquifer actually 

occurs. Unfortunately, we know of no 

data indicating the potentiometric levels in 

the Pierre Formation or in permeable 

zones immediately below the Pierre Forma­

tion in or near the study region. Consid ­

eration of the topography and stratig­

raphy of the Plains region relative to the 

potentiometric levels in the Fox Hills 

aquifer in the study region, suggests 

that flow is likely downward from the Fox 

Hills aquifer through the Pierre Forma­

tion. This possibility will be pursued 

further in consideration of the chemical 

evolution of groundwater in the Fox Hills 

aquifer as discussed in section 4.10.l. 

Trapp and Croft (1975), based on an 

appraisal of the geology and groundwater 

resources of Hettinger and Stark 

Counties, concluded that, although much 

of the water in the Fox Hills aquifer in 

these counties is contributed by lateral 

flow from the southwest, there is prob­

ably some contribution of downward 

leakage from an aquifer zone in upper 

part of the Hell Creek Formation and 

lower part of the Cannonball and Ludlow 

Formations. In these counties, the head 

in the Cannonball-Ludlow zone is gener­

ally higher than the potentiometric sur­

face of the Fox Hills aquifer. For exam­

pie, at Regent the head difference is 

about 100 feet (30 m). Trapp and Croft 

indicate, however, that in western Stark 

County the head in the Fox Hills aquifer 

is higher, indicating upward leakage from 

the Fox Hills aquifer through the silt and 

clay confining beds that overlie it. No 

comparative head data is available for 

areas to the west of Stark and Hettinger 

Counties. 

Croft (1973) presents maps of 1968 

potentiometric levels in the Fox Hills 

aquifer and for the upper Hell Creek and 

lower Cannonball-Ludlow aquifers in 

Mercer and Oliver Counties. Comparison 

of these maps indicates that potentiometric 

levels in the Fox Hills aquifer are higher 

than the overlying aquifer by as much as 

50-100 feet (15-30 m). In a study of a 

major portion of Dunn County, Moran 

et al. (1976) also observed much higher 

potentiometric levels in the Fox Hills 

aquifer. From top.ographic and strati­

graphic considerations it is expected that 

upward leakage of water from the Fox 

Hills aquifer through the Hell Creek 

Formation is the prevalent condition in 

most of the study region, with the excep­

tion of areas to the southwest where 

downward vertical leakage into the aquifer 

may contribute appreciable quantities of 

water. 

We will now return to the question of 

the age of water that moves from the 

southwest and west toward the Missouri 

River lowland in the south-central part of 

the state. Our analysis will focus on age 

estimates based on analyses of the 

carbon-14 concentrations in samples from 

wells in the Fox Hills aquifer. Samples 

from wells at the towns of Medora, Bow­

man, Beach, Halliday, Dodge, and north 

of Dunn Center (referred to as the Dunn 

Co. well) have been analyzed for the 

content of 14C in the dissolved inorganic 

carbon in the water (i. e., the 14c in 

carbon extracted from H2C03 , CO2, 

HC0 and C0 ). The data are listed in3 , 3
table 4.8.1-1. The 14C results, which 

range from 1.8-0.8 percent, are ex­
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