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ABSTRACT 

A common practice during oil and 
gas well-site reclamation in North 
Dakota is to bury the drilling muds in 
shallow trenches near the borehole. 
These muds are salt-water based 
(between 100,000 and 300,000 mg/I of 
NaCl) and can contain high 
concentrations of chromium, lead, and 
other to><ic trace metals. 

Two reclaimed oil and gas well sites 
were chosen for study in north-central 
North Dakota: the Winderl site in 
southeastern Renville County, and the 
Fossum site in west-central Bottineau 
County. The Winderl oil well was drilled 
in 1959, and the drilling fluids were 
disposed of in a shallow pit excavated 
in Pleistocene glaciofluvial deposits. 
The Fossum oil well was drilled in 1978 
and the drilling fluids were disposed of 
in trenches excavated in Pleistocene 
ti II. 

A total of 41 shallow piezometers 
(maximum depth is 62 feet {18.9 ml) 
and 13 pressure-vacuum lysimeters were 
installed in and around the two disposal 
sites to obtain groundwater and pore­
water samples. Vertical electrode 
sounding resistivity profiles were 
conducted at both s;tes utilizing 14 
electrode spacings down to a depth of 
100 feet (30. 5 m). Sediment samples 
were obtained with Shelby tubes for X­
ray fluorescence and X-ray diffraction 
analyses. Additional chemical analyses 
were performed on saturated-paste 
extracts from the Shelby-tube samples. 

The results of chemical analyses of 
porewater, groundwater, saturated­
paste extracts, and the earth resistivity 
surveys indicate that leachate is being 
generated from buried drilling fluid at 
both study sites. At the Winder! site, 
contaminants have migrated beyond 400 

viii 

feet (122 m), the extent of the 
monitored area, which has resulted in 
deg rad at ion of the Spring Coulee 
Creek Aquifer. A one-dimensional 
analytical solute transport equation 
was utilized to illustrate the potential 
for contaminant migration at the site. 
The equation predicts high 
concentration of contaminants over 
3,300 feet (1,000 m) from the source 
area. 

Contaminant migration within the 
tilt at the Fossum site is believed to 
occur along fractures directly below 
the water table. The estimated 
groundwater velocity th rough these 
fractures is 3.8 m/da~ (12.8 ft/day) 
compared to 7.2 x 10- m/day (2.4 x 
10-6 ft/ day) estimated for the till 
matrix. However, it has been reported 
that molecular diffusion is an 
important retardation mechanism that 
reduces the concentration of 
contaminants along these fractures 
with distance from the source. Also, 
the fractures constitute a small volume 
of pore space; therefore, the quantity 
(or flux) of water flowing along the 
fractures is small. 

Disposal of drilling fluids in 
glaciofluvial sediments is not 
recommended. The study at the 
Winder! site is evidence of the adverse 
environmental impact such disposal can 
lead to. The impact of drilling fluid 
disposal in till is dependent upon the 
geologic setting. Migration of the 
drilling fluid constituents will occur 
along fractures in the till; widespread 
contamination could result if these 
contaminants intersect permeable 
lenses. A subsurface investigation is 
necessary at the disposal sites in till 
to identify these permeable lenses and 
to determine if any nearby aquifers 
exist. 
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North Da ota's oil and gas 
production is de ived from the Williston 
Basin- -a st rue u ral and sedimentary 
basin located i a portion of North 
Dakota, South akota, Montana, and 
southern Canada (fig. 1). Since oil was 
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first discovered in North Dakota in 
1951, approximat ly 11,000 wells have 
been drilled in the western and 
north-central ortions of the state 
(fig. 2). Du ring the 1981-83 biennium, 
taxes collecte on oil and gas 
production bee me North Dakota's 
single most im 1ortant tax revenue 
{Anderson and Bluemle, 1984). The oil 
and gas produc ion tax dropped to 
second and thir , below income and 
sales tax, du ring 984 and 1985 ( Fischer 
and Bluemle, 1986). This drop was due 
to the decline in ii and gas prices and 
a 60 percent red ction in the number 
of wells drilled during 1986 in 
comparison to th previous year (200 
vs. 508). 

A problem inherent to the oil 

F'tgurc 2. Oil and gas faclds or North nuota (from 
Ascher and ntucmlc, 1986). 

industry is the disposal of wastes 
associated with the drilling process. 
One such waste is drilling mud, a 
viscous fluid used during well drilling. 
A common practice during well-site 
reclamation is to dispose of drilling 
muds in shallow trenches and pits near 
the borehole. Murphy and Kehew 
( 1984) conducted a study of the 
subsurface migration of drilling-fluid 
waste components beneath these buried 
disposal pits. The results of that study 
indicate that most of the hazardous 
constituents are attenuated within the 
unsaturated zone. However, other 
contaminants such as Na, Ca, and Cl 
move rapidly th rough the unsaturated 
zone and into the groundwater flow 
system (Murphy and Kehew, 1984). 

The disposal sites monitored by 
Murphy and Kehew (1984) are in 
western North Dakota and underlain 
by poorly indurated clayey bedrock or 
sediments derived from the bedrock. 
The lithologic and hydrologic 
properties of these sediments 
significantly decrease the potential for 
movement of contaminants in the 
subsurface. Therefore, the authors 
suggested further study in areas of 
North Dakota that have a greater 
potential for groundwater con­
tamination. 

In 1983, the North Dakota Water 
Resources Research Institute (NDWRRI) 



funded a multi-phase study of the 
detrimental effects of oil-field brines 
and drilling fluids on soils and 
groundwater. One phase of that study, 
and the subject of this report, deals 
with groundwater contamination from 
drilling-fluid disposal pits. The study 
stems from the earlier work of Murphy 
and Kehew, and focuses the research on 
the glaciated plains of north-central 
North Dakota. This area differs 
hydrogeologically from the western 
North Dakota sites in the following 
aspects: (1) higher water table (thinner 
unsaturated zone), (2) presence of 
sandy permeable sediments, and (3) 
higher annual precipitation. The 
potential for migration of leachate and 
subsequent degradation of groundwater 
is much greater in this hydrogeologic 
setting. 

Drilling Fluid 

During the drilling of an oil and gas 
well, a fluid (drilling mud) is circulated 
down the center of the drill pipe, 
through the drill bit, and back up to 
the surface. Rock cuttings, brought up 
with the fluid, are separated at the 
shale shaker and the drilling mud is 
recirculated down the drill pipe. In 
addition to transporting the cuttings, 
the drilling fluid must perform the 
following functions: ( 1) control 
formation pressures, (2) maintain 
borehole stability, (3) protect 
productive formations, (4) protect 
against corrosion, and (5) cool and 
lubricate the bit and drill stem 
(Simpson, 1975). 

Types of drilling fluid include 
water-base fluids, oil-base fluids, low­
solid polymer fluids, and oil-emulsion 
fluids. However, 89-95 percent are 
either freshwater or salt-water based 
(Mosely, 1983). The freshwater muds 
generally are colloidal slurries that 
contain bentonite clay. If salt water is 
used, attapulgite clay (Fuller's earth) 
commonly is substituted for bentonite, 
because sodium bentonite will flocculate 
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and not form a satisfactory colloid in 
salt water (Gatlin, 1960, p. 81). 

Simple colloidal mixtures of clay 
and water are usually insufficient if 
the drilling fluid is to perform all the 
required functions. Therefore, minerals 
and chemicals are added to modify 
fluid properties in response to 
subsurface drilling conditions. 
Approximately 100,000 tons of 
inorganic chemical additives are used 
every year by the oil and gas industry 
(Musser, 1985). Table 1 lists the 
common drilling additives and their 
respective functions. 

In the Williston Basin, most of the 
oil is produced from Paleozoic 
carbonate units that lie beneath a 
series of halite beds. Salt (NaCl) must 
be included in the drilling fluids to 
prevent dissolution of the halite and 
subsequent loss of circulation during 
drilling. A typical well in North 
Dakota is drilled with freshwater until 
the surface casing is set. At that time, 
either salt is added to the mud or 
freshwater is replaced by produced 
water (brine) (Murphy and Kehew, 
1984). The concentration of salt in 
drilling fluids is reported to be 
between 100,000 and 300,000 mg/I 
(Murphy and Kehew, 1984; Dewey, 
1984). Produced waters commonly 
contain high concentrations of ions 
other than sodium and chloride. These 
ions also will be present in the 
drilling muds that utilize brines for 
their salt-water base. There are areas 
in North Dakota where a well does not 
encounter any evaporite beds above a 
producing horizon. In these areas the 
mud is generally gypsum based and can 
have a salt content of 40,000-100,000 
mg/I. 

As drilling progresses, chemical and 
mineral additives are incorporated into 
the drillin~ fluids (e.g., starches, 
N03-, Cr04 - see table 1). Subsurface 
drilling conditions in North Dakota can 
vary significantly; as a result, the 
nature and concentration of these 
additives will vary as well. The types 



Table 1. Function and general purpo,e of drilling fluid 
additives (from Murphy and Kehew, 1984). 

Puctio11 

Velgbtin.g Natulal 

Vircorifier 

Thiner Dirperunt 

fil tute Reducer 

Loct Circulatio1 
Material 

lllulility, pl 
Coatrol 

btlrifier 

Surfactaat 

Corrolio• Iahihitor 

Defouer 

Pouier 

!locculat.a 

lacterlcidu 

Lthricuta 

Calclu• le•over 

Bale Co11trol 
Iabibiton 

General Purpou 

Control for•ation prunre. check cavinq. 
facilitate pulliaq dry pipe, & well 
eo1pletio1 operations 

Yiccority builders for fluid•. for a high 
vi1colity-rolid1 relatio11hip 

llodify rehtiouhlp beheen the vicc01ity 
nd percentage of 101 ldr. vary gel 
strength. de!loccul at 

Cut the Ion of the drilling !lllid ' s 
liquid phlre into the !orution 

Priury fuction ii to plug the zone 
of 1011 

Control the degree of acid! ty or 
alkalhity of a !hid 

Create a heterogeneous • ixhre of tvo 
liquidl 

Urtd to tbe deqne ot ualaification. 
aggreqation, dispeuio1, iaterhcial 
teuion. !oaalng. ud defonhg 
(nrhce active ageit) 

llatertalc atteapt to decrease the presuce 
of 111c:h corroaive co•pollldl H 0,i19en. 
euboa dloKide, and hydrogen 1111 fide 

Red11ce foaaing actio1. especially l1 
ult uter bared •11d1 

surfactants vhich !ou in the prereace o[ 
uter and tb111 per•! t air or gu dri 11 i ng 
in foraatiou producing uter 

Uted couonlf for lD.c:renu 111 gd strength 

Red11ce bacteria cout 

Reduce torque ud increase houepover 1t 
the bit by reducing the colfficleat of 
frlctio11 

Prevt1t lDd overc:o1e the contulnatlon 
effect• of anbydritt and gyp1111 

Ured to co1trol cavhg by mlli119 or 
hydro111 d11i11tegratio11 
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Couon Addltives 

hrite. lead co1po11111lc. 
iron oxide, 

Bentonite, athpnlgite clay1 . 
all colloids. fibr0111 
acbutos 

taniu Cquebucho), 
pol ypho1phates. 
lignitic uteriah 

Be11todte chys, sodiu 
cnboxpethyl C!lluloae (ClfC), 
pregehtini2ed 1hrc:h, 
urioua l ignonlfonate1 

Vah11t shell 1. shredded 
cellophue fl Ikea. thixotroplc 
ce1ent. ahudded cane fiber. 
pig bdr. chicke1 feathers, 
etc. 

Ll1e. cau1tlc sod.a , 
bicubouh of soda 

I lgaosul fonate, . aud 
detergeat, petroleu nlfoute 

Include additives ued under 
e•ulsifier foueu, defouen, 
, !locc1latou 

Cooper cnbonate. codio 
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fonatec, organic acids ad 
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Salt. hydrated Hae. gypau, 
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Starch pruerntive. parafor­
aaldebyde. caustic 1od.a, li•e, 
rodiu pentachlorapheaate 

Graphite powder, roJpa, 
certaia oils 

Cluctlc coda < NaOBl. soda uh. 
bicnbonate of soda. 
buiu carboule 

Gypsua. sodlu sll icate. 
calci111 1 iqaoculfoute1, 
li•e. ult 



of additives will also be dependent upon 
the availability of mud components to 
the operators. . 

Completion and workover fluids are 
also_ disposed of with the drilling muds 
and deserve mention here. These fluids 
are commonly hydrochloric, formic, or 
acetic acids used to increase the 
permeability of the producing carbonate 
zones. The volume of these acids can 
vary from 500 to several thousand 
gallons (~1, 900 L). 

Drilling Fluid Disposal 
and Pit Reclamation 

Murphy and Kehew (1984) present a 
detailed description of drilling-fluid 
disposal and pit reclamation practices in 
North Dakota. Their work is 
summarized in this section. 

The drilling-fluid pit, or reserve pit, 
is excavated adjacent to the drilling rig 
and generally has a volume of between 
5\000 and 90,000 ft3 (1,500 and 2,500 
m ) . If the pit is constructed in 
permeable sediment, the Oil and Gas 
Regulatory Division of the North 
Dakota State Industrial Commission has 
the authority to require the operator to 
install an artificial or synthetic liner. 
This authority is granted to the Oil and 
Gas Division by the General Rules and 
Regulations for the Conservation of 
Crude Oil and Natural Resources, which 
went into effect in 1974. Prior to 
these rules, operators commonly would 
line the pits with bentonite clay to 
prevent seepage through permeable 
sediments. 

During most of the drilling period, 
the fluid is circulated in a closed 
system that does not include the 
reserve pit. However, cuttings 
containing fluid coatings are deposited 
in the pit along with fluids that are 
periodically flushed out of the settling 
tanks. The amount of fluid permanently 
disposed of in the reserve pit varies. If 
the well is produced, all of the fluid 
generally will be removed from the 
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borehole du ring cementing procedures 
and pumped into the pit for disposal. 
On the other hand, if the well is 
plugged, it is common practice to 
remove only the drilling fluid displaced 
by the cement plugs, leaving the 
remainder in the borehole. 

Pit reclamation begins with removal 
of the low viscos-ity portion of the 
fluid for use at another drillir,g site 
or disposal in an injection wetl. In the 
1950s and 60s, reserve pits were 
reclaimed by simply pushing sediment 
into the pits from the sides. 
Reclamation took anywhere from a 
month to a year because the fluids 
were contained within a small area 
and could not desiccate rapidly. The 
most common reclamation procedure 
today incorporates a trenching method. 
A series of trenches is excavated on 
one side of the reserve pit, and 
sediment is pushed in from the other 
side forcing the dt·illing fluid into the 
trenches. The result is that fluid is 
spread out over a large area and 
reclamation can be completed in a few 
days simply by backfilling and leveling 
the pit and trenches. However, for 
reserve pits with synthetic liners, 
trenching forces the fluid out of the 
lined pits, and increases the chances 
of migration of contaminants into the 
groundwater flow system. 

Previous Work 

The U.S. Environmental Protection 
Agency (EPA) held a conference in 
1975 on the environmental effects of 
chemical use in well drilling (Fisher, 
1975). The purpose of this conference 
was to identify the potential 
environmental problems that could 
result from the increase in oil-well 
drilling that was occurring in the 
1970s. Talks were presented on the 
drilling process and the purpose and 
nature of drilling fluids. Attention was 
also given to the toxicity of drilling­
fluid additives, along with the 



potential for groundwater contaml nation 
resulting from drilling-fluid disposal. 

Drilling fluids were the subject of 
much concern in 1976 when Congress 
passed the Resource Conservation and 
Recovery Act ( RCRA) regulating the 
generation and disposal of hazardous 
wastes. The status of drilling fluids and 
other low volume "low hazardous" 
wastes was uncertain until addressed in 
1980 by the Solid Waste Disposal Act 
Amendments. Thes·e amendments 
exempted drilling fluids from RCRA 
until such time as ·EPA could show need 
for stricter regulation (Mosely, 1983). 
EPA was required to conduct a study of 
the wastes generated by the 
exploration, development, and 
production of oil and gas and 
geothermal energy and to submit a final 
report to Congress by October of 1982. 
In 1985, the Alaska· Center ·for the 
Environment sued EPA for their failure 
to conduct this study. In response to 
this suit, EPA has recently issued a 
technical report on this waste and 
plans to issue a second report at the 
end of 1987 (EPA, 1986). 

The American Petroleum Institute 
(API), in an attempt to justify the 
RCRA exemption, contracted the 
engineering consulting firm of Dames 
and Moore to study the hydrogeologic 
effects of drilling-fluid- disposal across 
the United States. Dames and Moore 
monitored si·x reserve pits; one site is 
located in western North Dakota. 
Chemical analyses were performed on 
water samples from three wells around 
each disposal area--an upgradient 
ba.ckground well arJd two downgradient 
wells. They also analyzed chemical 
extracts from surface and subsurface 
soil samples, and analyzed vegetation 
for chemical uptake. Results indicate 
that Na+ and c1- are the most mobile 
ions leached from the pits. However, 
ch lo ride levels were found to be below 
drinking water standards within several 
hundred feet of the disposal areas. 
Rates of migration of heavy metals 
were determined to be very slow and 
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not to constitute a health hazard 
(Dames and Moore, 1982). 

The API also sponsored three 
related studies, which are listed below: 

1. 1974-1978 "Effects of Drilling 
Fluid Components and Mixtures 
on Plants and Soils," Dr. 
Raymond Miller, Utah State 
University. 

2. 1979-1982 11 Plant Uptake and 
Accumulation of Metals Derived 
from Drilling Fluids, 11 Dr. 
Darrell Nelson, Purdue 
University. 

3. 1981 "Water Base Drilling Mud 
Land Spreading and Use as a 
Site Reclamation and 

· Revegetation Medium," James 
Whitmore, Forsgren-Perkins 
Engineering. 

A single API document summarizes 
these three studies in addition to the 
investigation conducted by Dames and 
Moore (Mosely, 1983). 

Drilling-fluid disposal research in 
North Dakota began with a master's 
thesis by Edward Murphy that was 
later published by the North Dakota 
G eo Io g i ca I S u r v ey (Mu r p h y, 19 83 ; 
Murphy and Kehew, 1984). Four 
reclaimed disposal sites were monitored 
in western North Dakota in an attempt 

· to encompass the different 
hydrogeologic variables of the areas. 
At two of the sites there are thick 
unsaturated zones and the saturated 
zone was not monitored. Nevertheless, 
water analyses from the unsaturated 
zones support the conclusion that 
attenuation prevents significant 
downward migration to the 
groundwater beneath the water table. 

The other two sites are in 
hydrogeologic settings more conducive 
to I each ate migration (i.e., more 
permeable sediments and higher water 
table). Chloride levels indicate that 
fluid disposal at these two sites 
affects the groundwater 60 to 90 
metres downgradient of the buried 
pits. In addition, the recommended 
maximum permissible drinking water 



standards were exceeded for Cd, Pb, 
and Se in the shallow groundwater 
beneath the disposal pits. 

Another study of drilling-fluid 
disposar was recently conducted in the 
Williston Basin of western North Dakota 
and eastern Montana (Dewey, 1984). 
Th is study incorporated groundwater­
chemistry analyses and extensive earth 
resistivity surveys at two buried 
disposal sites. Five other sites were 
evaluated with one to four resistivity 
soundings. Plumes of leachate were 
identified in the downgradient direction 
at the two sites where the groundwater 
was monitored. Furthermore, resistivity 
surveys indicated subsurface 
contamination at three of the other 
five sites; however, at these sites 
testing was not extensive enough to 
determine if buried drilling fluids were 
the contaminant source. 

A study is scheduled to begin during 
the summer of 1987 to take a more 
detailed look at one of Dewey's sites. 
This study will also look at an 
abandoned central drilling-fluid disposal 
site near Fairview, Montana (Reiten; 
personal commun., 1987). 

National conferences on drilling 
muds were held at the University of 
Oklahoma during May of 1985, 1986, 
and 1987. A number of case histories 
were presented from studies on 
reclaimed reserve pits and central 
disposal facilities. These conferences 
demonstrate the high degree of national 
interest that has been generated in the 
last five years concerning the 
environmental effects of buried drilling 
fluid. 

Study Sites 

Two buried reserve pits were 
selected in north-central North Dakota 
for the purposes of this study. The 
objective of site selection was to locate 
pits situated in two different 
hydrogeologic settings: one in till, the 
most common sediment in the area, and 
the other in sand and gravel, the 
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worst-case situation from a disposal 
standpoint. Location, accessibility, and 
land ownership were also considered in 
the selection process. The two sites 
chosen are the Fossum Federal #4 we.II 
in west-central Bottineau County near 
Maxbass, and the J .J. Winder! #1 well 
in southeastern Renville County near 
Glenburn (fig. 3) . 

Climate 

North Dakota has a semi-arid 
continental climate, characterized by 
large seasonal variations in 
temperature and light to moderate 
precipitation (Jensen, ·1972). Within the 



study area, the mean annual 
temperature ranges from 39° to 40°F 
(3.9 to 4.4°C); approximately 200 days a 
year are below 32°F (0°C). Mean annual 
precipitation is around 16 inches (40.64 
cm); typically 9 inches (22.86 cm) of 
that falls between April and July 
(Jensen, 1972) . 

Objectives 

To evaluate drilling-fluid disposal in 
north-central North Dakota, the 
following objectives have been 
formulated for this study: 

1. To determine the characteristics 
of the contaminant. 

2. To investigate the chemical 
attenuation mechanisms. 

3. To evaluate the distribution and 
extent of contamination. 

4. To determine if current drilling­
fluid disposal techniques are 
suitable for the hydrogeologic 
settings of north-central North 
Dakofa. 

METHODS 

Field Methods 

In July of 1984, piezometers were 
installed at the two study sites to 
obtain hydrologic data as well as water 
samples for chemical analysis. In 
November of 1986, additional 
piezometers were installed at the sites 
to obtain more precise groundwater 
data. These piezometers consist of 2-
i nch (5.08 cm) diameter PVC pipe 
connected to a 2-10 foot (0.6 to 3 m) 
section of slotted PVC screen. The 
original borings were drilled with a 
rotary rig and a 5.62-inch (14.27 cm) 
diameter bit. Air was used as the 
drilling fluid in well indurated or 
cohesive sediments. In sand and gravel, 
a mixture of fresh water and bentonite 
was circulated during drilling to 
stabilize the bore.hole. The PVC pipe 
and screen were installed in the 
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borehole and the piezometers were 
flushed with fresh water until the 
water coming up at the surface was 
devoid of any bentonite. The borings 
that were installed during 1986 were 
augered with the NDGS - 8-inch (20.3 
cm) hollow stem auger. 

The shallow piezometers at the 
Winder( site are screened in sand and 
gravel. The boreholes collapsed after 
these piezometers were in place and 
the benton ite mud was flushed out, 
which formed natural "gravel" packs 
around the screens. Washed sand or 
pea gravel was placed in the boreholes 
of the deeper piezometers (in till) at 
the Winderl site and at all of the 
piezometers at the Fossum site. The 
deep Winderl piezometers were sealed 
with 2 feet (0. 61 m) of cement, and 
backfilled with the available cuttings. 
At the Fossum site, the holes were 
filled with cement to the ground 
s u rfa ce (fig . 4) . 

In August of 1984 an air 
compressor was used as a "gas lift" 
pump to develop the piezometers. This 
was accomplished by pumping air into 
the water, causing the piezometers to 
flow. Pumping was continued for 30 to 
45 minutes or until the water flowing 
at the surface was relatively clean. 

Pressure-vacuum lysimeters were 
used to sample porewater from the 
unsaturated zone where the fluid 
pressure is below atmospheric. Each 
lysimeter (Soil Moisture Corp. Model 
1920) consists of a 1.8-inch (4.57 cm) 
diameter PVC pipe, 25 inches (63. 5 cm) 
long with a 2. 5- inch ( 6. 35 cm) porous 
ceramic cup at the base; both an inlet 
and an outlet hose extend from inside 
the PVC pipe through a sealed rubber 
stopper at the top. 

The lysimeter holes were drilled 
with a 6- inch ( 15. 24 cm) diameter 
auger provided by the North Dakota 
Geological Survey (fig. 5). After each 
lysimeter was positioned in the hole, 
silica flour was placed around the 
ceramic cup to prevent clogging of the 
pores; a 2-foot (0.61 m) bentonite seal 
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was added and the hole was backfilled 
with cuttings, leaving only the two 
hoses exposed at the surface (fig. 4). 

Water samples were obtained from 
the monitoring equipment at the two 
study sites during October 1984, June 
1985, and November 1986. Water 
samples were obtained from both the 
lysimeters and piezometers du ring the 
1984 and 1985 sampling periods. In 
1986, water samples were only collected 
from the shallow piezometers and the 
newly installed piezometers at the 
Winder! site (fig. 6). Additional samples 
were collected from the two recently 
installed piezometers at the Fossum 
site. To ensure representative samples, 
the piezometers were bailed until two 
well volumes had been removed. Each 
piezometer was allowed to recover, and 
a b~iler was used to obtain enough 
sample for both major-ion and trace-
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meta, analysis--one litre for majors, 
one-ha lf litre for trace. The 
tempei~ature, pH, and electrical 
conductivity were measured 
immediately, and the sample was 
pumped th rough a O .45-micron filter 
into two plastic bottles. After 
filtering, 5 ml of concentrated nitric 
acid was added to the one--half litre 
bottle to lower the pH and prevent 
precipitation of the trace metals. The 
bottles were placed in coolers and 
transported to the chemistry labs. The 
water samples collected during 1984 
and 1985 were analyzed by a lab at 
North Dakota State University. The 
1986 samples were analyzed by the 
North Dakota State Health Department. 

Approximately two weeks before 
sampling, a vacuum was induced in 
each lysimeter through one of the 
hoses exposed at the surface. The 
vacuum reduced the pressure in the 
lysimeter below the surrounding fluid 
pressure, causing porewater to migrate 
in through the ceramic cup. Sampling 
was accomplished by pumping air into 
the inlet hose and retrieving the 
sample from the outlet hose. 
Commonly I only enough sample was 
available for either major-ion or 
trace-metal analysis. The lysimeters 
had a 50 percent success rate. The 
remainder of the sampling procedure 
was similar to that used for the 
piezometers. 

Stratigraphic data and sediment 
samples for textural and chemical 
analysis were obtained from continuous 
Shelby-tube cores. These relatively 
undisturbed cores were taken with a 
truck-mounted, hollow-stem auger 
(Mobile Drill B-50) provided by the 
North Dakota Geological Survey. Each 
Shelby tube is 3 inches (7.62 cm) in 
diameter and 2.5 feet (0.762 m) long. 
Approximately 70 tubes were collected 
from the two study sites. In areas 
where sand and gravel overlie till, 
Shelby-tube cores of the till could not 
be obtained with the hollow-stem 
auger. In this situation, a split-tube 



· ~ 5. lllllaffing piezomcten at the W'mdcrl site (1-.f'.d 
Murphy. L. Da-.e Lechner). 

core barrel, attached to a rotary rig, 
was used to sample the till samples. 

Hydraulic conductivity values of the 
screened intervals were estimated with 
single-well response, or slug, tests. A 
slug was dropped down each piezometer, 
which raised the water level; the head 
values were recorded at certain time 
intervals as the water level returned to 
equilibrium. The unrecovered head 
differences were plotted against time, 
and the hydraulic conductivity values 
were estimated using a method outlin~d 
by Hvorslev (1951). Single-wefl response 
tests did not work for piezometers 
screened within sand and gravel 
because head recovery was too rapid. 
The hydraulic conductivity values for 
these sediments were estimated with a 
textural analysis technique. 

In recent studies, electrica I earth 
resistivity methods have been used 
successfully to trace contaminant 
movement in the subsurface (Cartwright 
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and McComas, 1968; Reed and others, 
1981; Murphy and Kehew, 1984). These 
methods are based on the theory that 
the resistivity of a geologic unit is a 
function of the conductivity of the 
porewater as well as the lithology and 
degree of saturation of the mater;al. 
Therefore, a resistivity survey 
accompanied by limited chemical, 
hydrologic, and lithologic data can be 
an effective means of tracing highly 
conductive, contaminated groundwater. 

Resistivity surveys were conducted 
around both study sites using a direct­
current meter (Soiltest Inc. RSO 
Stratameter), and the Wenner electrode 
configuration. Figure 7 illustrates a 
typical Wenner array. The electrode 
current travels th rough the subsurface 
between the two current electrodes 
(C). Changes in resistivity are 
calculated from the voltage difference 
between the potential electrodes ( P), 
and the magnitude of the induced 
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Figure 1 . Conriguration of the four electrode array used 
in the e1ectrical earth resistivity rurveys. 

current. For the Wenner configuration, 
the electrode spacing is constant across 
the array, and the equation is reduced 
to the following: 

Pa = 2TT Av 
I 

where (Pa) is the apparent resistivity, 
which is equal to the true resistivity 
only for a homogeneous, isotropic 
medium; (A) is the electrode spacing; 
(V) is the voltage difference between 
the two potentiat etectrodes; and (I) is 
the current. 

Apparent resistivity, as a function 
of electrode spacing, was obtained with 
vertical electrode sounding (VES) 
profiles. VES profiles are conducted by 
expanding the array in increments 
about a fixed center--the resistivity 
station. Apparent resistivity is 
determined for each successive A­
spacing. Electrode spacings of 3, 5, 8, 
10, 12, 16, 20, 24, 30, 40, 50, 60, 80, 
and 100 feet ( 0. 9, 1 . 5, 2. 4, 3 . 1 , 3. 7, 4. 9, 
6. 1 , 7. 3, 9. 1 , 12. 2, 15. 2, 18. 3, 24. 4, and 
30.5 m) were used in this study. 

Laboratory Methods 

A major objective of this 
investigation was to evaluate chemical 
and lithologic properties of the 
sediments. To satisfy this objective, the 
Shelby-tube samples were analyzed 
with several laboratory techniques- -
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specifically, textural analysis, X-ray 
diffraction, and saturated-paste 
extracts. 

The textural analysis consisted of 
determining sand, silt, and cfay 
percentages of selected samples. A 
combination of sieve and hydrometer 
techniques was used. 

Adsorption and ion exchange is an 
important attenuation mechanism in 
groundwater flow systems. This process 
is particularly important for clay-size 
particles because of the large charge 
to surface-area ratio (Freeze and 
Cherry, 1979, p. 127). A majority of 
clay-size particles consist of one of 
several clay minerals--crystalline, 
hydrous silicates with layer-lattice 
type structure (Drever, 1982, p. 65). 
The attenuation properties are 
dependent upon the structure and thus 
the type of clay (Griffin and others, 
1976). Therefore, X-ray diffraction was 
employed in this study to determine 
clay mineralogy. This technique is 
primarily qualitative, although it does 
give an indication of the relative 
abundance of the different clay 
minerals. Sample preparation consisted 
of mixing the sediment in distilled 
water and allowing the greater than 2-
micron fraction to settle out. A sample 
of the remaining clay-water solution 
was placed on a glass disk and dried 
overnight. Analysis was done with a 
Phillips X-ray diffractometer for both 
air-dried and glycolated samples. 

Some of these Shelby-tube sediment 
samples were also anayzed for major­
ion content by the North Dakota State 
University Land Reclamation Research 
Center in Mandan, North Dakota. The 
sample preparation technique is 
described in detail in Sandoval and 
Power (1977). 

As previously mentioned, single-well 
response tests could not be used to 
estimate hydraulic conductivity values 
for the sand and gravel deposits. 
Therefore, it was necessary to utiJize 
the following relationship between 



hydraulic conductivity and grain-size 
distribution presented by Freeze and 
Cherry ( 1979, p. 350): 

where ( K) is the hydraulic conductivity 
in cm/s; A is equal to 1.0; and d10 is 
the effective grain size in mm. The 
effective grain size is the grain-size 
diameter at which 10 percent of the 
sediment is finer. It is obtained from 
the grain-size distribution curve 
generated from sieve analysis. This 
technique provides a rough estimate of 
hydraulic conductivity for sediments in 
the fine sand- to gravel-size range. 

GEOLOGY OF NORTH-CENTRAL 
NORTH DAKOTA 

Approximately 8,000 feet (2,400 m) 
of sedimentary rocks overlie 
Precambrian metamorphic rocks in 
western Bottineau and southeastern 
Renville Counties. Overlying the 
sedimentary deposits are between 100 
and 300 feet (30 a.nd 90 m) of glacial 
drift (Bluemle, 1971). Surface and near­
surface stratigraphy consists primarily 
of Pleistocene glacial sediment of Late 
Wisconsinan age--either deposited 
directly by the glacier du ring the last 
advance, or by water associated with 
the glacier. 

The bedrock-surface lithology varies 
as successively younger units subcrop 
below the glacial cover toward the 
center of the Williston Basin. Near 
Maxbass (fig. 3), the underlying bedrock 
includes massive to interbedded 
sandstones, siltstones, claystones, and 
shales of the Cretaceous Fox Hills 
Formation. Overlying the Fox Hills is a 
lithologically similar sedimentary unit, 
the Cretaceous Hell Creek Formation, 
which comprises the bedrock surface 
for most of the area between Maxbass 
and Glenburn. Closer to the center of 
the basin, the subglacial bedrock is a 
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marine silty sandstone, the Cannonball 
Formation (Tertiary). The subcrop 
contact between the Hell Creek and 
the Cannonball trends northwest­
southeast th rough the Glenburn area 
(Bluemle, 1983). 

The glacial drift consists primarily 
of till interbedded with discontinuous 
sand lenses and buried glaciofluvial­
chan nel sediments. These deposits are 
the result of several glacial advances 
during the Pleistocene Epoch (Bluemle, 
1985). The surficial landscape was 
shaped by the last Wisconsinan glacier, 
which receded from the area about 
12,000 years ago. In western Bottineau 
and eastern Renville Counties, the 
glacier receded to the northwest, and 
meltwater from the diminishing glacier 
formed Lake Souris. At its maximum 
ex~ent, this glacial lake covered 6,000 
km of north-central North Dakota, 
including much of Bottineau County 
( Kehew and Clayton, 1980). Meltwater 
flowing from the glacier toward Lake 
Souris incised the till plain with 
numerous glaciofluvial channels. Many 
of these channels have since been 
incorporated into the present-day 
drainage system. 

The surficial geology of the study 
area is divided into the following 
three units: till, fluvial and 
glaciofluvial sediments, and lacustrine 
deposits (fig. 8). 

Till exposed at the surface 
genera I ly forms gently undulating 
topography interpreted to indicate 
collapse of supraglacial sediment 
associated with melting of the 
underlying ice (Clayton and others, 
1980b). Some areas also show evidence 
of post-glacial erosion by fluvial and 
lacustrine processes (Moran and 
others, 1985). The till contains varying 
amounts of clay, silt, and sand, as 
well as some pebbles, cobbles, and 
boulders. These sediments were 
ultimately derived from the bed rock 
underlying the glacier--specifically, 
igneous, metamorphic, and carbonate 
rocks in Canada, and local bedrock 
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sediments were deposited in channels 
incised into the till surface. These 
sediments typically are between 10 and 
20 feet (3 and 6 m) thick. However, in 
the Glacial Lake Souris area, the 
channels fan out in a "deltaic" pattern 
and are less than 10 feet (3 m) thick 
and they cover a wide area (Bluemle, 
1985). Sediments associated with the 
channels are generally subangular to 
subrounded, moderately well-sorted 
sands and poorly sorted gravels. 
Mineralogicafly, they are similar to the 
s u r rounding till ( BI u em I e, 1985) . 

The lacustrine deposits were 
deposited in Glacial Lake Souris. In 
most surface exposures they are 
represented by nearshore bedded sitts 
grading to fine sands draped over the 
till plain. However, in the northwest 
corner of the study area, a small 
percentage of the surficial sediments 
are offshore silts and clays (Moran and 
others, 1985) . 
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GROUNDWATER RESOURCES OF 
NORTH-CENTRAL NORTH DAKOTA 

Groundwater for stock and domestic 
purposes is derived from both 
glaciofluvial and bedrock aquifers in 
the area. According to county 
groundwater studies ( Pettyjohn and 
Hutchinson, 1977; Randich and Kuzniar, 
1984), the Fox Hills and Hell Creek 
Formations are the primary bedrock 
aquifers. These studies further indicate 
that water obtained from the bedrock 
typically has sodium as the dominant 
cation and chloride or sulfate as the 
dominant anion. The total dissolved 
solids are generally greater than 2,000 
mg/I, making the water undesirable for 
most domestic purposes. Nevertheless, 
some areas lack any other water 
source, and these bedrock aquifers are 
utilized. 

Glaciofluvial deposits, either buried 
or exposed at the surface, are the 
primary source of groundwater in the 
area. These deposits yield large 
amounts of high-quality water that is 
suited for both domestic and stock 
purposes. The dominant cation 
typically is calcium or sodium, and the 
dominant anion is bicarbonate or 
sulfate; total dissolved solids are on 
the average fess than 1, 700 mg/I 
(Pettyjohn and Hutchinson, 1977; 
Randich and Kuzniar, 1984). 

J. J. WINDERL #1 

Introduction 

A reconnaissance study was 
conducted to locate a suitable buried 
disposal pit in sand and gravel. The J. 
J. Winder! #1 well in the Glenburn 
Field was selected by examining the 
geologic map of North Dakota (Clayton 
and others, 1980a) for surface 
exposures of sand in areas close to 
the Fossum site, which had al ready 
been selected (fig. 9). The Winderl 
well was drilled in 1959 by the 
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California Company to a depth of 4,478 
feet (1,365 m) and treated with 500 
gallons (1,900 L) of acid. It produces 
oil from the Mission Canyon Formation. 
The reserve pit was not lined and 
probably was reclaimed by pushing 
sediment into the pit from the sides. 

In 1980, the Winder! well was 
deepened to 4,597 feet (1,402 m) and 
acidified again with 2,300 gallons (8, 700 
L) of HCI. A second pit was excavated. 
It is not known whether this pit was 
lined; however, the trenching method 
probably was used for reclamation. 

Information was unavailable for 
either the 1959 or the 1980 drilling mud 
chemistry at this site. However, using 
the mud resistivity and temperature 
from the electric log heading of this 
hole, the NaCl content was estimated to 
be between 16,000 and 40,000 ppm 
(Schlumberger, 1978). The drilling fluid 
is generally not salt saturated (i.e., 
250,000-300,000 mg/I) in this area 
because there are no major salt 
sections above the Glenburn producing 
horizon ( Le Fever and Anderson, 1986). 
The 1980 re-entry was not logged and, 
therefore, the salt content of the mud 
cannot be estimated from the log 
heading. They did not encounter any 
salt beds in the deepened hole 
(Anderson, 1987). 
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After freeze-up, operators 
commonly use field brines as make-up 
waters because surface water is 
u n avai I able ( Borchert, 1987). The 
produced brines from the Glenburn 
Field have a wide range of ion 
concentrations but generally contain 
high concentrations of the major ions 
(table 2). 

Local Geology and Geohydrology 

The ground surface at the Winder! 
site slopes gently to the south toward 
a low-lying marshy area adjacent to 
Spring Coulee Creek (figs. 10, 11). A 
majority of the piezometers were 
installed to the south of the buried 
disposal pit, under the assumption that 
the equipotential lines mirror the 
topography and that groundwater flow 
was in the downslope direction. 
Approximately 700 feet (213 m), to the 
north, three piezometers ( 1 p, 2p, and 
3p) were installed to obtain 
background information (fig. 12). 

Figure 13 is a geologic fence 
diagram that illustrates the three­
dimensional stratigraphy at the Winderl 
site. Till, interbedded with 
discontinuous sand lenses, is overlain 
by sand and gravel from a glacial 
meltwater channel. The meltwater 
channel generally is between 14 and 16 
feet (4.3 and 4.9 m) thick, increasing 
to 33 feet ( 10. 1 m) to the northwest. 
A surface organic layer, up to 2 feet 
(0. 61 m) thick, overlies the meltwater­
channel sediments in the low-lying 
marshy area. Both of the drilling fluid 
disposal pits are located within the 
sand and gravel unit and are capped 
by fill material. Nested piezometers 
were generally installed at three 
different stratigraphic horizons, one in 
the upper sand and gravel and the 
other two at different depths within 
the underlying till. Two pressure­
vacuum lysimeters were installed 
within the buried disposal pit. 

The upper sand and gravel unit 
acts as an unconfined system, which 



Table 2. High, low, mean of brines in the Glenburn Field (mg/I). 
Taken from 69 samples. 

TDS CA MG 

H 335,542 31,360 4,720 
L 4,148 539 168 
x 233,439 6,436 1,469 

has been named the Spring Coulee 
Creek Aquifer (Pettyjohn and 
Hutchinson, 1977). Textural analyses 
were performed on two meltwater­
sediment samples from the Winder! site. 
The following gravel, sand, silt, and 
clay percentages were calculated from 
these analyses: 

2Sp (3 ft-6 ft) (0_9-1.8 m) 

1s (5 ft-8 ft) (1.5-2.4 m) 

Gravel Sand Silt Clay 
¾ •1. •;. •1. 

3.2 84.2 9.2 3.4 

16.9 77.6 S.5 0.0 

The sand-size grains are predominantly 
quartz and granitic rock fragments. The 
gravels mainly consist of carbonates, 
shales, and granitic rock fragments. 

The water table was determined 
from the piezometers screened within 
these sediments. During the monitoring 
period (October 1984 to November 
1986), the depth to the water table 
varied from less than 2 feet (0. 61 m) 
below the surface in the low-lying 
marshy area to more than 6 feet (1. 8 
m) below the surface to the north and 
east (3p and 29p). Water table maps 
(fig. 14) indicate that groundwater 
within this unconfined aquifer generally 
is flowing to the south-southeast or 
south-southwest, away from the disposal 
pits. An exception to this trend was 
observed in January of 1985 when there 
were northeasterly components of flow 
away from the disposal area. 

The hydraulic conductivity of the 
till at the Winder! site was estimated 
from 12 single-well response tests (slug 
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NA CL S04 

121,674 204,260 4,000 
4,584 899 112 

82,012 141,354 1,601 

tests). These tests yielded values that 
ran~e from 2.4 x 10-6 cm/s to 5.6 x 
10- cm/s, averaging 5.6 x 10-~ cm/s. 

Grain-size distribution curves were 
generated from sieve analyses of two 
samples taken from the upper sand and 
gravel unit at the Winder! site. The 
effective grain sizes (d10) from these 
curves were used to estimate hydrauli~ 
conductivities. Values yf 1. 7 x 10-
crn/ s and 1.5 x 10- cm/s were 
obtained from samples 25p and 1 s, 
respectively. These magnitudes are 
considered to be within the clean 
sand- to gravel-size range (Freeze and 
Cherry, 1979, p. 29). 

Drilling mud was found buried at a 
depth of 5-15 feet ( 1. 5-4. 6 m) below 
the surface in the 1959 pit. The water 
table fluctuated between 4-6 feet ( 1. 2-
1. 8 m) below the surface du ring the 
monitoring period. Therefore, most or 
all of the 1959 drilling mud was below 
the water table. We did not drill into 
the 1980 mud pit because of its 
proximity to a buried salt-water line. 
It is reasonable to assume that most 
of the 1980 drilling mud is also buried 
below the water table. 

Apparent Resistivity 

Thirty resistivity stations were 
surveyed at the Winderl site. Apparent 
resistivity values were calculated and 
isoresistivity maps were constructed 
for each electrode spacing (fig. 15). 
Apparent resistivity is equal to the 
true resistivity only in a homogeneous, 
isotropic medium. With the Wenner 



Figure \0. The J_ J. Winderl #I study site, Rcnvine County. 
Photo taken loolc.ing due north. 

electrode configuration, a rule of thumb 
states that the apparent resistivity is a 
weighted average over a hemispherical 
bowl of a radius equal to the electrode 
spacing (Greenhouse and Harris, 1983). 
This rule holds true only if the A­
spacing is approximately equal to the 
depth of current penetration. Electrode 
spacings of 5-16 feet (1.5-4.9 m) give 
an indication of groundwater conditions 
within the sand and gravel unit, 
assuming that the depth of current 
penetration equals the electrode 
spacing. Resistivities directly to the 
northwest and to the south of the 
disposal pit are less than 30 ohm-feet 
(10 ohm-m). There is also an area of 
less than 20 ohm-feet (6. 1 ohm-m) in 
the southwest corner of the study area. 
Typical resistivity values for sand and 
gravel deposits range from 1,000 to 
10,000 ohm-feet (300 to 3,000 ohm­
m) (Soiltest, 1968). There was one 
station in the northeast corner of the 
study area that indicated apparent 
resistivity values within this normal 
range. The resistivity distribution 
suggests that the groundwater 
upgradient and downgradient from the 
pits is very high in TDS and/or 
chloride. The apparent isoresistivity 
map for the 20- to 100-foot ( 6. 1 - to 
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Figure 1 l. The J_ J. Winder! ff l study site, RenVJlle 
County. Photo taken looking west-northwest. 

30. 5-m) electrode spacings shou Id 
represent conditions deeper within the 
strata (fig. 15). The high conductivity 
of the near-surface sediments will 
impede current penetration, making it 
difficult to evaluate the vertical 
resistivity distribution. These maps 
demonstrate the same general pattern 
as seen on the shallower maps. The 
resistivity values generally range from 
20-60 ohm-feet (6.1-18.3 ohm-m) 
throughout the study area. 

Groundwater Chemistry 

I soconcentration maps have been 
constructed for various parameters 
from the groundwater chemistry 
samples from piezometers screened in 
the meltwater chan net sediments (0-16 
feet [0-4.9 m]) (fig. 16). In general, 
the highest concentrations of ions 
were detected in piezometers 4 
through 7p and 30 through 32p, which 
a re located directly south of the 1981 
re-entry reserve pit (5, 000-24, 000 mg/I 
of TDS and 2, 500-10, 000 mg/I of Cl) 
(figs. 12, 16). The major ion 
concentrations in the groundwater are 
generally 2 to 4 times greater adjacent 
to the 1981 re-entry mud pit as 
compared to the 1959 pit (table 3). 



P-1 
P-2 
P-3 

o S-1 

[Qg 

~I 
P-30. 0 n 
P-31-o kf 
P-32·!-P-4 

"-,~:::; :::1)~~:~o 
P-11 - P-9 • P-20 
P-15 • -P-l7 •• P- 19 

P-1 • PIEZ P-l2 "
0

"P-16 P-IS 
L· I • LYSIMETER • P-13 
S-1 ° SHEL8Y-TU8E\ • P-14 

HOL.£ I 
0 IOOFt. 1 

6 I I 5b~ 

/ 
P- 21 
P-22 
P-23 

• P-24 

• P-25 

• P-26 

N 

I 

P-27 
•• P-28 

• P-29 

1400 FEET 
TO P-33 

Figure 12. Map view or the Winder I site depicting the 
location of water sampling in.rtrumentation and 
Shelby-tube holes. The rescrft! pit boundaries 
are apptoJlimatcd by a dashed line near the 
center of the diagram. 

There is no indication of the initial 
resistivity of the 1981 drilling fluid; 
therefore, the difference in the initial 
salt content of the two pits can not be 
estimated. The difference in 
concentrations between the two pits 
may be a result of the higher salt 
content of the 1981 mud, the leaching 
of the 1959 drilling mud over a 26-
year period, or a combination of both. 

Another contaminant plume appears 
to be centered around piezometer 25p. 
This piezometer is located 300 feet 
(91.4 m) southe~st of the original 
reserve pit and contains concentrations 
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of 6,000-10,000 mg/I of TDS and 
3, 500-5, 000 mg/I of Cl. 

The isoconcentration maps from 
1984 and 1985 are very similar to each 
other for a given parameter in both 
their general pattern and 
concentrations (fig. 16), The 1986 
i soconcentration map, however, is 
somewhat different. The same general 
pattern is present, but there is an 
overall decrease in the 1986 
concentrations from the previous 
values (fig. 16). 

The decline in leachate levels found 
in the groundwater at the Winder! site 
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in 1986 most likely reflects the 
variability in recharge during the 
sampling period. The monthly 
precipitation obtained from a recording 
station near the study site shows that 
an abnormally high amount of 
precipitation fell during October of 
1984 (groundwater samples were 
obtained on the 26th of that month) 
(fig. 17). The corresponding low levels 
of evapotranspiration that normally 
occur at this time of the year would 
have resulted in high amounts of 
groundwater recharge (Rehm et al., 
1982). This would have created a 
corresponding increase in the amount 
and concentration of drilling fluid 
leachate. The same can be said for the 
water samples which were obtained on 
June 13, 1985. The major groundwater 
recharge event in this area usually 
occurs in the spring (Rehm et al., 1982) 
and there was ample rainfall during 
May and June of 1985 (fig. 17). In 
contrast, the ground was partially 
frozen when we sampled on November 
26, 1986, and there had been very little 
precipitation during the previous three 
months (fig. 17). The variation in ionic 
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Table 3. TDS, Cl, and N03 concentrations in groundwater adjacent 
to the 1959 and 1980 drilling mud and normal levels 

of these ions in groundwater {mg/ I ) . 

PARAMETER TDS 

Sam~le Year 84 85 86 

1959 Pit 4,898 5,090 3,300 

1980 Pit 20,335 24,355 5,095 

Background levels 300-1,500 

concentration levels for groundwater at 
this site appears to reflect the variable 
amounts of precipitation, and therefore, 
recharge that occurred previous to each 
of the samplings. 

The concentrations of trace metals 
in the shallow groundwater at the 
Winderl site in November of 1986 were 
generally low (fig. 16). Lead was the 
only trace metal that appeared to be 
leaching out of the 1959 drilling mud, 
and zinc was the only metal elevated in 
the areas near the 1980 buried drilling 
mud ( Pb 10 /..Lg/I and Zn 601-.£ g/1) (fig. 
16). The isoconcentration maps for 
cadmium, copper, and zinc demonstrate 
an area of elevated concentrations 
along the southern edge of the study 
areas. This pattern was also evident on 
the major ion maps. 

The oil and gas wells that are 
drilled in the Glenburn Field usually do 
not encounter much H2S, which is an 
indication that litHe or no trace metal 
compounds were added as corrosion 
inhibitors. This was confirmed by the 
absence of detectable chromium in the 
groundwater at this site. 

A comparison of the trace metal 
concentrations in the shallow 
groundwater at the Winder! site 
between 1984 and 1986 shows good 
correlation for the arsenic values, i.e., 
consistently low (0. 8-2. 5 J.J. g/1) (table 
4). However, this comparison is not as 

19 

c1- N03-

84 85 86 84 85 86 

2,316 2,530 1,790 7.2 6 10 

10, 195 10,700 2,765 0.2 7 

10-30 0-5 

consistent for the chromium and lead 
values. Lead was detected in low to 
moderate amounts in the 1984 samples 
by the North Dakota State University 
(NDSU) laboratory. The Health Depart­
ment laboratory only found lead in 
detectable limits in one of these 
piezometers ( 17p) ( table 4). Moderate 
to high concentrations (9-417 µg/1) of 
chromium were reported in 1984 as 
compared to no detectable chromium 
concentrations in these piezometers in 
1986. The difference between the con­
centration levels may not be due to 
geochemical changes in the field, but 
may be due to the different method­
ologies used by each of the two 
laboratories. 

The 1984 and 1985 samples were 
analyzed for trace metals by a 
chemistry laboratory at NDSU. The 
analyses were conducted using a 
graphite furnace on a Perkin-Elmer 
603 atomic absorption unit. The 
method of standard addition was used 
on these metals with the exception of 
arsenic, which was analyzed by 
generating the hydride and trapping it 
in a KCl3 solution prior to injection 
into the graphite furnace. Because of 
the uniformity of the matrix a 
standard curve was used for arsenic. 

High concentrations of salts can 
cause interference within the graphite 
furnace which results in falsely high 
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at a recording station (Fomolm) near the study 
site. r> deootes when quarterly sample WM 
taken. 

readings (Holliday, 1986). To m1n1m1ze 
the effects of this interference, the 
North Dakota State Department of 
Health, Division of Chemistry 
Laboratory, used the following methods 
to analyze for trace metals: 

Zinc, copper, barium, and manganese 
were analyzed by emission 
spectroscopy using a Perkin-Elmer 
Plasma 11 inductively coupled plasma 
emission spectrometer. This system 
uses two-point background 
correction and vacuum 
monoch rometers. 
Chromium, arsenic, and selenium 
were anlyzed on a Perkin-Elmer 5100 
atomic absorption spectrometer using 
stabilized temperature platform 
furnace technology and Zeeman 
background correction to control 
interferences from high chloride 
content. 
Lead and cadmium were analyzed on 
a Perkin-Elmer Model 5000/500 
atomic absorption spectrophotometer 
using stabilized temperature platform 
furnace technology. 
All analyses were performed using 

EPA methodology. Spikes and duplicates 
were performed on a miniumum of 10 
percent of all samples. Known EPA 
reference samples were run with all 
metal analyses (Reetz, 1987). Therefore, 
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the Health Department laboratory may 
reflect the more accurate trace metal 
concentration levels. 

Density Stratification 
of Contaminant 

Beal ( 1986) constructed chemical 
profiles from the eight piezometer 
nests. Two of these nests contain 
piezometers screened at different 
intervals within the sand and gravel 
unit (piezometers {Gp and 7p} and {10p 
and 11 p J). Piezometer Gp was screened 
from 9.5-14.5 feet (2.9-4.4 m) and was 
found to contain concentrations of 
ions generatly twice those of ground­
water in piezometer 7p (screened 
interval is4.5-9.5feet (l.4-2.9m) (fig. 
18). Beal (1986) proposed that the 
drilling fluid feachate is denser than 
the surrounding groundwater. The 
greater density caused the plume to 
migrate horizontally along the base of 
the meltwater channel at the 
gravel/till contact. 

To test this interpretation, three 
additional piezometers were installed 
adjacent to piezometers (6p and 7p). 
Each of the piezometers has a 2-foot 
(0. 61 m) screen and, colfectively, they 
were screened at depths of 16, 13, and 
10 feet (4.9, 4.0, and 3.05 m) (fig. 19). 
The November 1986 groundwater 
analyses from these piezometers 
document that the ion concentrations 
in groundwater at the base of the 
gravel unit is 2-4 times higher than 
concentrations that were detected in 
the piezometers screened higher in the 
unit (fig. 19). 

Sulfate is the only ion that was 
found to deviate from this pattern 
(fig. 18, 19). This may be the result of 
sulfate reduction in deeper levels of 
the aquifer where reducing conditions 
exist. 

Contaminant Migration 

The isoconcentration maps for both 
major ions and trace metals at the 

7 



Table 4. Trace metal concentrations (in ~g/1) of chromium, 
lead, and arsenic in shallow groundwater at the Winderl site. 

PARAMETER CHROMIUM 

YEAR 84 86 

Gp 417 0.0 
10p 22.6 0.0 
12p 36.2 0.0 
17p 15 0.0 
20p 9 
21p 16. 7 0.0 
24p 0.0 
25p 52 
26p 0.0 
29p 26.9 0.0 

Winder! site demonstrate that leachate 
has migrated beyond the 400- to 500-
foot (122-152.4 m) study boundary (fig. 
16). In November of 1986, another 
piezometer was installed in the 
meltwater channel approximately 1,800 
feet south of the Wi nderl pits (fig. 20). 
The piezometer (33p) is 12 feet (3. 7 m) 
deep and has a 2-foot (0. 61 m) screen. 
The groundwater from this piezometer 
contained concentrations of major ions 
(TDS = 5,200 mg/I) and arsenic 
(31 ~ g/1) elevated above the normal 
background levels (fig. 20). This 
piezometer is located approximately 300 
feet {91.4 m) north of a site containing 
an abandoned well and brine pit, 600 
feet ( 182. 9 m) southwest of an active 
saltwater disposal well (fig. 20). The 
contaminants that were detected in the 
groundwater at this site could be 
migrating from any one of these 
potential sources. The transport of non­
reactive solutes in groundwater 
commonly is described by two 
processes: advection, or transport due 
to the bulk movement of the 
groundwater, and dispersion, which is 
the spreading out of the contaminant as 
it flows through the subsurface 
(Anderson, 1984). Advection will cause 
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25 0.0 1 1.8 
6.3 0.0 1 . 1 1. 7 
7.6 0 .0 1 1.8 
8.8 9.7 1 1.3 
1.4 
4.9 0.0 1. 1 0.9 

0.0 2.0 3.2 
15. 7 1 

0.0 2.5 0.8 
2.9 0.0 1.8 1 .3 

the contaminant to travel away from 
the source in the direction of 
groundwater flow. Dispersion results in 
dilution of the contaminant 
downgradient as it spreads out over a 
larger area. 

The one-dimensional advection­
dispersion equation for non-reactive 
dissolved constituents in a saturated­
homogeneous medium under steady­
state conditions can be written as 
follows: 

where t is time, is the groundwater 
flow direction, C is the concentration 
of solute, V is the average linear 
velocity, and D is the coefficient of 
hydrodynamic dispersion. The 
hydrodynamic dispersion coefficient 
has two components, dispersivity and 
diffusion. Except for very fine-grained 
sediments, diffusion is considered 
negligible. 

This one-dimensional equation is 
utilized to evaluate solute transport in 
the Spring Coulee Creek Aquifer at 
the Winderl site. With a hydraulic 
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for piezometerr 6 and 7. The concentrations are 
the mean of the October, 1984 and JWlC, 1985 
samples. 

conductivity ( K) of 8. 4 x 10-2 cm/ s 
(the average value from the grain-size 
distribution curves in Beal, 1986), a 
porosity (n) of 0.25, and a gradient (i) 
of 0.001 (obtained from the October 
1984 water tabfe map), the average 
linear velocity (v) is calculated from 
the following equation: 

V = 
K i 

n 

yielding .a value of 0.29 m/day (0.95 
ft/day). 

The dispersivity parameter controls 
the degree of spreading and dilution of 
a solute plume. Dispersivity is related 
to the heterogeneity of a unit and also 
the scale of observation. Accordingly, 
to quantify dispersivity accurately, field 
tracer tests should be conducted, which 
are beyond the scope of this study. 
Gelhar and others (1985) present results 
of several investigations with field 
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Figure 19. Total dissolYCd solids, chloride, suJfatc, barium, 
and T.inc concentration profiles for piczometers 
30, JI, and 32. Conccnlnt;ons are from the 
November, 1986 analysis. 

tracer tests to estimate dispersivity in 
glaciofluvial sediments. These results 
were utilized to select three different 
dispersivity values (lm, 25m, and 
100m) that a re thought to create a 
range that includes the dispersivity of 
the Spring Coulee Creek Aquifer at 
the scale of this investigation. 

A computer program, ODAST 
(Javandel and others, 1984), was 
utilized to solve this one-dimensional 
equation. It was assumed that a point 
source had been active from 1960 to 
1984. Breakthrough curves that depict 
the theoretical distribution of the 
contaminant with distance are 
presented in figure 21. These curves 
illustrate the potential for widespread 
contamination within the Spring Coulee 
Creek Aquifer. The analytical solution 
predicts concentrations of non - reactive 
constituents that approach the 
concentration at the source at 
distances up to 3,280 and 7,218 feet 
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(1,000 to 2,200 m) downgradient from 
the buried disposal pit, for 
dispersivities of 1 metre and 100 
metres, respectively. 

Several problems are inherent with 
the one-dimensional analytical solution 
approach. A homogeneous isotropic 
medium with steady-state flow is never 
duplicated in actual situations. Also, the 
disposal pit at the Winder! site probably 
does not act as a continuous point 
source, but rather has diminished in 
concentration with time. Concentrations 
in the vicinity of the disposal pit are 
less than other areas at the study site, 
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which indicates the source of 
contamination has been diluted. 

Normal background levels of ions 
were not found in groundwater from 
any of the 33 piezometers that were 
installed at the Winderl site. The 
northernmost piezometer nest ( 1-3p) 
was positioned upgradient of the 
buried drilling mud to enable a 
comparison of the background 
chemistry to that of the drilling fluid 
leachate. However, the ch lo ride 
concentrations (401 and 146 mg/I) in 
piezometer 3p a re well above the 10-
30 mg/I levels normally found for 
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chloride in unaffected shallow aquifers 
in this area (Pettyjohn and Hutchinson, 
1971). These elevated concentrations 
may be coming from one of three leases 
located to the north, northwest, and 
west of the Winderl well (fig. 9). 
Another potential source would be a 
leak from one of the many buried salt­
water pipe lines that criss-cross this 
area. Three shallow farm wells are 
screened within the Spring Coulee 
Creek Aquifer 1/3 mile south (down­
gradient) of the Winderl lease. The 
concentrations in these wells indicate 
contaminant (table 5); whether this 
contaminant is from oil field related 
activities or from farm activities has 
not been determined. The high nitrates 
in the Stevens farm well is probably 
coming from barnyard wastes (table 5). 

Contaminant in Till 

As previously discussed, the 
piezometers were generally installed in 
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nests of three. The two deeper 
piezometers were screened in the tifl 
at depths of approximately 30 and 40 
feet (9.1 and 12.2 m) below the 
surface. Additional piezometers were 
screened at various depths in the sand 
and gravel unit (fig. 22). A comparison 
of the chloride profiles (concentration 
vs. depth) for the eight piezometer 
nests shows that the highest 
concentrations of chloride were 
detected in the piezometers screened 
in the upper portion of the till for six 
of the eight nests (fig. 23). Beal 
(1986) found this scenario was also 
true for the other major ions. 
Although it has been demonstrated 
that groundwater velocity through 
these tilfs can be high, the flux of 
water, thus the mass of contaminants, 
is low. Also, these contaminants are 
attenuated by matrix diffusion as they 
migrate along fractures. There is little 
potential for downward migration 
th rough the sand and gravel because 
the flow through this unit is 
predominantly horizontal. It is 
therefore unlikely that the highest 
concentrations of contaminants are in 
the till. This appears to be the result 
of the density stratified leachate 
plume and cross-contamination between 
the two sedimentological units due to 
well construction techniques. 

The annular space above the well 
screens, for the wells screened in till, 
was filled with approximately 2 feet 
(0. 61 m) of cement and then backfilled 
to the surface with cuttings. The 
backfill material consisted primarily of 
sand and gravel. The dense 
contaminants were probably able to 
migrate down the annulus and 
accumulate above the cement layer. A 
seal from the cement layer is unlikely 
due to the low volume of cement in 
the hole, and the fact that the cement 
was poured from the surface th rough 
an annulus filled with saltwater. 
Purging of the wells before sampling 
could have allowed for downward 
migration of contaminants th rough the 



Table 5. Comparison of TDS, Cl, Na, SO4, and NO3 in three 
farm wells downgradient from the Winderl site. Samples obtained 

during 1984 and 1985. Analysis provided by North Dakota 
State Department of Health Laboratory (mg/I), 

DEPTH TDS c1- Na SO4 NO3 

YEAR 84 85 84 

March Stevens 14' 749 542 95 
(house) 

March Stevens 14' 2,860 -
(livestock) 

Paul 14' 3,433 679 971 
Christianson 

cement layer and to the well screen. 
The highest concentrations were 

detected in wells screened in till 
because samples from the wells 
screened in the overlying sand and 
gravel unit are diluted by the "less­
contaminated water" collected from 
above the sand and gravel-till contact. 
Groundwater in the cross-contaminated 
till wells, on the other hand, is from 
the annular space above the cement 
plug where the dense contaminants had 
accumulated. 

Piezometer nests ( 4-7p and 18-20p) 
have the concentration profile which is 
to be expected for this type of setting. 
The highest concentration of chloride 
in these nests is found in the sand and 
gravel unit (fig. 23). This appears to be 
the result of a good seal above the 
screens in the till piezometers in these 
two nests. 

The deep till wells ( 40-50 feet { 12. 2-
15. 2 m}) have much lower ion 
concentration levels than the shallow 
till piezometers. Cross-contamination 
does not appear to be as significant a 
problem for these deeper piezometers 
because the increased volume of till 
cuttings provided a thicker mud system. 
This viscous mud held the holes open 
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85 84 85 84 85 84 85 

82 119 55 51 39 35 20 

1,440 1,030 0 0 

43 169 31 67 78 1.4 42 

longer, th us allowing time for the 
cement to get down the hole. 
However, even the ion concentrations 
in these holes are elevated above 
those normally expected. Due to the 
probability of cross-contamination of 
all or most of the till piezometers, the 
resulting chemical data was not used 
to interpret the actual concentrations 
in the till. 

Interpreted Resistivity 

The interpreted resistivity values 
are utilized to evaluate the 
distribution of the contaminants at the 
Winderl site. Two cross sections 
illustrating Dar-Zarrouk interpreted 
values of resistivity with depth are 
presented in figure 24. For 
comparison, the isoconcentration map 
of total dissolved solids is also shown. 
A layer of high resistivity is indicated 
in the northeastern part of the study 
area near station 1 (fig. 24) . These 
high resistivity values probably reflect 
the thickening of the sand and gravel 
unit to the north, and also the higher 
surface elevation (i.e., thicker 
unsaturated zone). These lithologic 
variations tend to mask any variations 
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Figure 22. Profllcs of piezometer installation at the 
Winderl site. An improper seal on piezometer R 
explains why high Jevels of contamioants Wl!n? 

detected in the till underlying the Spring 
CouJce Creek Aquifer. 

in resistivity due to groundwater 
contamination. Figure 24 indicates 
relatively high resistivity values (100 to 
1,000 ohm-ft {30.5 to 304.8 ohm-ml) in 
the northeastern pa rt of the study area 
near stations 6 and 7. There are no 
wells or borings in this area, so it is 
not evident whether these resistivity 
values are a reflection of lithology or 
groundwater conductivity. 

South of the buried disposal pit, the 
thickness of the sand and gravel unit is 
relatively uniform and resistivity is 
thought to be a good contaminant 
indicator. The cross sections in figure 
24 illustrate that the southern area is 
interpreted to be underlain primarily by 
a low-resistivity layer ( 50 ohm-ft {15.2 
ohm-ml). An isolated area of higher 
resistivity (50 to 100 ohm-ft { 15. 2 to 
30.5 ohm-m}) is interpreted 
approximately 5 feet (1. 5 m) below the 
surface, southeast of the disposal pit, 
near stations 12 and 13. The TDS plume 
map (fig. 24) shows a decrease in the 
concentration of contaminants within 
this area. It is not clear, however, 
whether the lower TDS values are the 
cause of the higher resistivity. 
Regardless, the interpreted resistivity 
values to the south of the disposal pit 
are significantly below the 1,000 to 
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Figure 23. Lilhologic column and chloride cona:ntratioo 
profiles for the eight pic:1.omctcr nests at the 
Winded site_ The chl,,ridc concentrations 
(mg/I) are the mean of the 1984 and 198S 
analysis. 

10,000 ohm-feet (304. 8 to 3048 ohm-m) 
typical of sand and gravel units 
(Soiltest, 1968). Both the interpreted 
resistivity cross sections and the TDS 
plume map support the conclusion that 
contaminants have migrated beyond the 
limits of the study area (fig. 24) to 
the south and west to Spring Coulee 
Creek. A reduction in the 
contamination occurs to the southeast, 
but TDS values in this area are still 
above the recommended drinking water 
standard of 500 mg/I, and also above 
the TDS value reported as 1,700 mg/I, 
typical for glaciofluvial aquifers in the 
region ( Randi ch and Kuzniar, 1984) . 

The a real extent of contamination 
to the north is not well defined due 
to the lithologic variations and 
associated problems with interpreting 
the resistivity survey, and also the 
lack of chemical data from the area. 
The highest concentration of 
contaminants detected within the sand 
and gravel unit was north of the 
disposal pit at Gp (TDS=20,335 mg/I). 
This well is located near the area 
where a second pit was constructed 
during the deepening of the well; the 
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Figure 24. NoTLhcast-southwest and norlhwcst--soulbcast 
cross sections of Dar-Zanoulc interpreted 
resistivity and isocoooentration map of the 
Winderl site. 

high concentrations could reflect 
contamination from this second pit. The 
situation is further complicated to the 
north by a disposal pit from another oil 
well located approximately 1,320 feet 
(402 m) north of the three background 
wells (1 p-3p). The chloride 
concentrations detected in these wells 
exceed 6,000 mg/I, which is 
significantly greater than the typical 
concentrations for these glaciofluvial 
sediments. It is not clear whether these 
wel Is were con tarn i nated from the 
disposal pit at the Winderl site, or the 
disposal pit to the north. 

As discussed above, the high 
concentrations of contaminants detected 
in wells screened in till are thought to 
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reflect cross-contamination from the 
upper sand and gravel unit. Therefore, 
any interpretation of the vertical 
extent of contamination from the 
water chemistry data is subject to 
error. Also, density stratification of 
the contaminant has . hampered any 
accurate qualitative interpretation of 
the horizontal distribution of 
contamination. The isoconcentration 
maps not only reflect the 
concentration of contaminants that 
have migrated horizontally, but also 
the depths and screen lengths of the 
wells. 

The near surface low-resistivity 
layers complicate any interpretation of 
the vertical variations in resistivity 
that could indicate contamination with 
depth. The high conductivity of these 
layers causes the electric current, 
induced during the resistivity surveys, 
to travel horizontally rather than 
penetrate deeper as the A-spacing is 
increased. Therefore, the assumption 
that the electrode spacing is equal to 
the depth of current penetration 1s 

not valid. 
Although the vertical extent of 

contamination could not be evaluated, 
boring data indicate that the sand and 
gravel unit (Spring Coulee Creek 
Aquifer) is the only aquifer identified 
within 50 feet ( 15. 2 m) of the surface 
in the vicinity of the Winder! site. 
The major environmental concern is 
the extensive horizontal migration that 
has occurred within this unit. 

Conclusions 

Winderl Site 

1. The drilling fluid leachate is 
characterized as predominantly 
chloride and sodium with lesser 
amounts of calcium, magnesium, 
sulfate, and potassium. The 
chemistry of the drilling fluid could 
not be obtained, but the NaCl 
content was estimated from log 



headings to be between 40,000-
100,000 ppm for the 1959 drilling 
mud. Trace metal concentrations 
were low in groundwater within the 
study area. 

2. Leachate has migrated 400 feet 
(121.9 m) downgradient from the 
reserve pits within the Spring 
Coulee Creek Aquifer. An additional 
piezometer placed 1,400 feet (426.7 
m) downgradient within this aquifer 
also indicated ion concentrations 
above the normal background levels. 
It has not been determined whether 
the source of the contaminant 1,400 
feet (426. 7 m) south of the Winderl 
site was from the Winderl lease or 
from other leases in the area. 

3. A one-dimensional analytical solute 
transport analysis indicates high 
concentrations of contamination at 
the Winderl site up to 3,300 feet 
(1,000 m) downgradient from the 
disposal pit. The analytical solution 
is a simplified approach, although 
the analysis does suggest the 
potential for widespread solute 
migration within these glaciofluvial 
sediments. 

4. Density stratification of the drilling 
fluid is thought to have occurred 
within the Spring Coulee Creek 
Aquifer. The highest concentrations 
were detected along the base of the 
sand and gravel unit. 

5. The earth resistivity survey 
demon st rated th at groundwater 
within the Spring Coulee Creek 
Aquifer in the study site was low in 
apparent resistivity and therefore 
correctly indicated that it had been 
contaminated. 

6. Improper well construction allowed 
leachate to travel down the borehole 
and into the piezometers screened in 
till. 
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FOSSUM FEDERAL #4 

Introduction 

The Fossum Federal #4 well is 
situated in the Wiley Field on land 
owned by North Dakota State 
University (fig. 3). This well was 
selected because of its location and 
also because it is known to be 
underJain by a thick fayer of till. It is 
also one of the few leases in this area 
that is surrounded by pasture and not 
cropland, which made access easier. 
Chevron, USA, Inc. drilled the well in 
1978 to a depth of 4,200 feet (1,200 
m). The well was treated with 1,500 
gallons (5,700 L) of acid and produces 
from the Mission ·canyon Formation 
(Mississippian). The brine chemistry is 
quite variable within the Mission 
Canyon Formation in this field (table 
6). The buried reserve pit is unlined 
and was reclaimed by the trenching 
method. Drilling mud data were 
unavailable; however, the NaCl 
concentration was estimated from the 
electric logs at between 55,000 ppm 
and 130,000 ppm. 

Geology 

The ground surface at this site 
slopes gently upward to the north 
from the disposal pit (figs. 25, 26). 
The instrumentation was concentrated 
to the south of the disposal pit 
because groundwater was assumed to 
be flowing in the downslope direction. 
Background information was obtained 
from piezometers, pressure-vacuum 
lysimeters, and borings located 
approximately 450 feet ( 137 m) to the 
north of the pit (fig. 27). 

The Fossum site is underlain by till 
interbedded with discontinuous sand 
lenses. A 3- to 5-foot (0 . 9-1. 5 m) 
thick sand and gravel zone was 
encountered at a depth of 55-60 feet 
{16.8-18.3 m) throughout the study 
area (fig. 28). This zone may be a 



Table 6. Chemical analyses of brines from the Madison Formation in the 
Wylie Field, Bottineau County. Data obtained from drill-stem tests. 

Temp Res pH TDS Ca Mg 
(mg/I) {mg/I) (mg/I) 

68 55 7.0 203,519 3934 1020 
68 52 6.8 214,018 3934 1190 
68 61 6.4 193,017 3919 1187 
68 91 6. 1 112,719 2897 671 
68 350 6.2 21,287 1348 302 
68 180 5.8 45,087 2565 696 
68 49 5.3 258,322 5510 1972 
68 110 5.4 78,507 3325 870 
68 52 5.3 216,405 2755 870 
68 53 5.3 231,463 4940 1566 
68 55 6.6 228,032 4763 1155 
68 96 7.0 124,901 5715 2310 
68 98 7. 1 126,597 5334 2310 
68 650 6.5 253,093 4572 1848 
68 71 6.6 197,030 5334 1848 
68 50 7. 1 268,036 5130 1903 
68 57 6.4 212,316 5148 1357 
68 55 5.8 224,405 5148 1298 

HIGH 68 650 7. 1 268,036 5510 2310 
LOW 68 49 5.3 21,287 1348 302 
MEAN 68 93 6.3 182,414 4338 1298 

contact between two tills. Overlying the 
ti II is 2 to 4 feet ( 0. 61 to 1 . 2 m) of 
finely laminated silts and clays (fig. 
28). Moran and others (1985) have 
mapped these sediments as nears hore 
lacustrine deposits of Glacial Lake 
Souris (fig. 8). A near-surface sand unit 
is located to the north of the disposal 
pit where the ground surface slopes 
upward. The surficial sediment over 
much of the area is approximately 1 
foot (0.3 m) of well-sorted silt, 
probably wind-blown sediment from 
nearby lacustrine deposits. 

Textural analysis was performed on 
11 till samples from the Fossum site. 
The textural-analysis results are 
illustrated in fig. 29. Most of the till is 
either loam or clay loam according to 
the United States Department of 
Agriculture classification. The pebbles 
within the till are carbonate and 
granitic rock fragments, with some 
dark-gray shale and lignite. Horizontal 
and vertical fractures were evident in 
the Shelby-tube samples from the 

Na Fe Cl 
(mg/I) (mg/I) (mg/I) 

co;l 
(mg ) 

HCO~ 
(mg/I 

so, 
(mg I) 

72,914 0 122,000 0 195 2200 
77,111 0 129,000 0 98 1725 
69,526 0 115,420 0 162 2885 
39,774 0 65,670 0 148 3634 

6,141 0 10,250 0 425 3034 
13,576 0 25, 104 0 380 2959 
92,435 0 156,900 0 295 1360 
25,605 0 45,501 0 220 3098 
80,596 0 129,704 0 280 2369 
83,103 0 140,160 0 362 1516 
82,565 0 137,900 0 181 1560 
39, 156 0 75,045 0 82 1835 
40,238 0 76,830 0 93 1839 
91,580 0 153,660 0 121 1374 
68,636 0 119, 185 0 88 1984 
96,823 0 163,000 0 159 1102 
75,584 0 127,660 0 440 2350 
80,460 0 135,240 0 425 2050 

96,823 0 163,000 0 440 3634 
6, 141 0 10,250 0 82 1102 

64,535 0 109,686 0 227 2133 
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Fossum site. These fractures are 
thought to be ubiquitous in the tills of 
the Great Plains Region (Grisak and 
others, 1976). 

The results of the X- ray-diffraction 
(XRD) analyses of clay samples from 
the till are presented in table 7. Peak 
heights on an X-ray diffractogram are 
an indication of the relative abundance 
of the different minerals; therefore, 
smectite is interpreted as the dominant 
clay. Further analysis of these clays 
with an energy-dispersive scanning 
electron microprobe determined that 
the smectite is predominantly a Ca­
montmorillonite. 

Geohydrology 

Nested piezometers were installed 
at two different depths within the till, 
and the pressure-vacuum lysimeters 
were placed at various depths down to 
19 feet (5.8 m) in and around the 
drilling-fluid disposal pit (fig. 27). The 
shallow piezometers were screened 



F"igure 25. The Posann Federal H4 study site, Bottineau 
County. Photo taken Jooking north-northcasL 

from 35-45 feet (10. 7-13. 7 m) below the 
surf ace . The deep piezometers were 
installed at 60 feet (18.3 m) with 5-foot 
(1.5 m) screens. An initial boring was 
drilled at the site and allowed to 
remain open for approximately two 
days. The water level measured in this 
borehole was approximately 40 feet 
(12.2m) below the surface. Accordingly, 
the upper piezometer in each nest was 
positioned to intersect this interval. 
However, water levels in these 
piezometers ranged from 3 to 9 feet 
(0.9 to 2.7 m) below the land surface 
during the monitoring period, indicating 
a much higher water table than 
previously anticipated. Because the 
vertical gradient in these nested 
piezometers is relatively low ( <o. 009 
ft/ft), the potentiometric values from 
the upper piezometers are used to 
depict the potentiometric surface of the 
till unit. Contour maps of these head 
values show radial flow away from the 
disposal area in October and December 
1984, and radial flow away from a 
mound south of the disposal pit in May 
and June of 1985 (fig. 30). 
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Figure 26. The Fossum FcdctaJ 1/4 study site, Bottineau 
County. Photo blcen loolring north-northellt. 

At the Fossum site, rising and 
falling head tests were conducted on 
12 piezometers screened within the 
till; the resulting hydraulic 
condu[tivity estimates ragge from 4. 5 
x 10- cm/s to 5. 7 x 10- cm/s, with 
an average of 1.8 x 10-5 cm/s. 

The hydraulic conductivity values 
obtained from these single-well 
response tests are considerably higher 
than the grain size indicates. Grisak 
and Cherry (1975) have estimated in­
tergranular hydraulic conductivity from 
laboratory consolidation tests on 85 
till samples across the Interior Plains 
Regio~. They obtained an average of 5 
>< 10- cm/s. The higher values from 
the slug tests in this study are 
attributed to secondary permeability 
from fractures, which is not reflected 
in laboratory consolidation tests. 
Evidence of the greater permeability 
along the fractures was observed in 
the Shelby-tube samples from the 
Fossum site. The oxidized zone extends 
approximately 2 feet (0. 61 m) deeper 
along fracture surfaces than in the till 
matrix, which is an indication that 
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Figure 27. Map view of lhc Fossum site dq,icting 
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Shelby-tube bole locations. 

downward percolating water is moving 
faster along these fractures. 

Buried drilling fluid was encountered 
between 5-12.5 feet (1.5-3.8 m) below 
the surface at this site. The base of 
the old pit was found at 10-12 feet 
(3. 05-3. 7 m) and the bottom of the 
trenches went down to 15 feet ( 4. 6 m). 
Therefore, the majority of drilling mud 
at this site is buried below the water 
table. 

Apparent Resistivity 

A surface resistivity survey was run 
at the Fossum lease. The survey 
consisted of 25 resistivity stations. 
Readings were taken at successive 
electrode spacings of 3, 5, 8, 10, 12, 
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Figure 28. Geologic fence diagram of the Possum study 
site. 

16, 20, 24, 30, 40, 50, 60, 80, and 100 
feet (0. 9, 1. 5, 2. 4, 3. 1, 3. 7, 4. 9, 6. 1, 
7 .3, 9.1, 12.2, 15.2, 18.3, 24.4, and 
30. 5 m). 

Apparent isoresistivity maps were 
constructed for the electrode spacings 
up to 30 feet (9.1 m) (fig. 31). 
Readings could not be obtained from 
many of the stations at electrode 
spacings greater than 30 feet (9. 1 m). 
Therefore, we did not have sufficient 
data to generate maps for these deep 
electrode spacings. 

The isoresistivity maps all depict 
an area (approximately 100 x 200 feet 
{30.5 x 61 m}) of extemely low 
resistivity (<20 ohm-ft) that extends 
to the east and southeast from the 
buried drilling fluid. The resistivity 
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values increase radially away from the 
buried mud to highs of: 200-300 ohm­
feet, for electrode spacings of 3-8 feet 
(0.9-2.4 m), 90-140 ohm-feet, for 
spacings of 10-20 feet (3. 1-6. 1 m), and 
approximately 50 ohm-feet, for spacings 
of 24-50 feet (7.3-15.2 m) (fig. 31). 

The resistivity survey was of limited 
value at the Fossum site. Several of the 
resistivity soundings in the vicinity of 
the disposal pit could be conducted 
only for the smaller electrode spacings 
due to the extremely low resistivity 
values detected near the surface. The 
problems with the resistivity survey at 
the Fossum site are thought to result 
from physical obstructions in the area. 
Electrical lines and pipelines are known 
to exist throughout the subsurface. 
These obstructions will interfere with 
the electrical current and cause 
anomalous resistivity readings. The 
apparent resistivity values could not be 
interpreted by the Dar Zarrouk analysis 
for the resistivity stations near the 
disposal area. Consequently, interpreted 
resistivity cross sections were not 

32 

constructed. 
The low resistivity area, indicating 

contamination, is centered around the 
disposal pit and slightly skewed to the 
south. Resistivity increases with 
distance from the disposal area in all 
directions. The high resistivity values 
to the north probably reflect the 
near-surface sand layer in that area. 

Groundwater Chemistry 

Water samples were collected from 
the twelve wells at the Fossum site. 
Eight of the eleven pressure-vacuum 
lysimeters yielded a total of twelve 
samples (during the 1984-1985 period 
for a success rate of 55 percent.) 
Because the water table at the site is 
higher than was estimated during 
installation of the monitoring 
equipment, several of these lysimeter 
samples were collected from the 
saturated zone. 

I soconcentration maps were 
constructed from the mean of the 1984 
and 1985 groundwater samples for the 
shallow (45-foot {13.7 m}) and deep 
(60-foot {18.3ml) piezometers (figs. 32, 
33). The maps show a leachate plume 
extends south from the buried drilling 
fluid in an area approximately 100 x 
150 feet (30. 5 x 45. 7 m). The ion 
concentrations were generally 1. 5 to 2 
times higher in groundwater within the 
shallow piezometers as compared to 
the deeper zone (figs. 32, 33). 

The highest concentration reported 
for lead was 23 J..L g/1 and 20 U g/1 was 
the highest concentration reported for 
chromium. These data a re not 
discussed further because of the lack 
of confidence in the trace metal 
analyses, as discussed in the 
groundwater section of the Winder! 
site. 

The highest concentration detected 
in the water samples came from a 
lysimeter buried within drilling mud at 
a depth of 14 feet (4.3 m) (i.e., TDS 
of 131, 180 mg/I and 74, 177 mg/I of 
chloride). The concentrations of these 



Table 7. X-ray-diffraction analyses of clay samples 
from till at the Fossum site. 

Depth Smectite Chlorite 
Hole No. ( feet) [001] [001] 

Air-Dried 

5s 10 4.6 
5s 20 23.0 9.0 
5s 40 19.6 

Glycolated 

5s 10 16.0 
5s 20 51.0 
5s 40 51.0 

ions at a depth of 45 feet ( 13. 7 m) 
below the base of the buried drilling 
mud were 7,342 mg/I of TDS and 2,203 
mg/I of chloride (fig. 33). These values 
are well above background levels. 

Chemical profiles of this site (fig. 
34) support the conclusion drawn from 
the isoconcentration maps. A 
comparison of the upgradient and 
downgradient profiles demonstrate that 
leachate has extended beyond the 9p 
piezometer. The chemical profiles 
indicate that contaminants are 
migrating radially away from the 
disposal area at a depth close to the 
water table. Two additional piezometers 
(13p and 14p) were installed at the site 
during November 1986. The upgradient 
piezometer (13p) was installed at a 
depth of 22 feet (6. 7 m) with a 4-foot 
( 1 . 2 m) screen. A water sample from 
this piezometer collected in December 
1986 contained 10,500 mg/I of TDS and 
73 mg/I of ch lo ride. The low ch lo ride 
ion concentration indicates that there 
is little or no migration of drilling fluid 
leachate to the north ( upgradient) at 
the site. 

Piezometer 14p was installed 
adjacent to piezometers (11p-12p) and 
at a depth of 17 feet (5. 2 m) with a 4-
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Muscovite (001] Kaolinite [001] 
lllite [001] Chlorite [002] 

Peak Heights ( inches) 

3.2 2.3 
13.0 14.0 
4.0 15.0. 

2.8 3.0 
10.8 12.8 
7.4 11. 8 

foot (1. 2) screen. A December 1986 
water sample from this piezometer 
indicated 24,500 mg/I of TDS and 
14,900 mg/I of chloride. These are the 
highest concentrations that have been 
detected outside of the Fossum reserve 
pit in either porewater or 
groundwater. For comparison, an 
adjacent lysimeter ( 11 L), at a depth of 
14 feet (4 .3 m), contained 1,678 mg/I 
of chloride when sampled in October 
of 1984. The increase in chloride 
concentration at this depth could 
indicate a significant increase in 
leachate migration over this two-year 
period. Another possibility is that the 
contaminants are dominantly migrating 
in the zone where piezometer 14p is 
installed, and the bulk of contaminant 
mig ratio.n was not detected in the 1984 
sampling period. 

Saturated-Paste Extract 

Information on the soi I-water 
chemistry of selected sediment samples 
was obtained by saturated-paste 
extract analyses. A total of 21 Shelby­
tube samples from the Fossum site was 
analyzed. These samples were collected 
at depths ranging from 5 feet (1. 5 m) 
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FtgWC 30. Potentiometric maps of the till unit at the 
POS5Uffl site (October. 1984 to June, 1985). 

to 30 feet (9.1 m) below the surface. 
The saturated-paste extract analyses 

from the Fossum site are plotted on 
vertical distribution diagrams for six 
parameters: electrical conductivity, 
chloride, sodium, calcium, magnesium, 
and sulfate (fig. 35). In general, there 
is an abrupt decrease in contamination 
with depth. Boring 3s was drilled 
directly through the disposal pit and 
the chloride concentration ranged from 
a maximum of 1, 111 mg/I at a depth of 
10 feet (3. 0 m) to 2. 54 mg/I at a depth 
of 20 feet (6. 1 m). There is a similar 
vertical relationship for the other 
parameters. 

Laterally, the concentrations of the 
contaminants decrease with distance 
from the buried disposal pit. The 
maximum chloride concentration 
detected beyond 60 feet ( 18. 3 m) of the 

34 

20 FOOT El.£CTRODE SPACING 24 FOOT ELECTRODE SPACING 30 FOOT fl..fCTROD£ SPACING 

Figure 31. Apparent isorcsistiYity maps of t.hc Fosru.m site 
at clcctr.ode spacings of 3, S, 8, JO, 12, 16, 20, 
24, and .30 feel (0.9, t.S, 2.4, .3.1. 3.7, 4.9, 6.1, 
7.J, and 9.1 m). Unless noted otherwise, Cl :::.. 
IO ohm/fl.. 

disposal pit was 122 mg/I at 7s. 
Sulfate is an exception to this trend. 
The highest sulfate concentration 
detected in the saturated-paste extract 
samples (130 mg/I) was approximately 
40 feet ( 12. 2 m) northwest of the 
disposal pit at 2s. A cross section of 
chloride concentration with depth was 
constructed from the soluble extract 
data (fig. 36) to illustrate the 
distribution of contamination in the 
sediment. This data demonstrates that 
the majority of drilling fluid leachate 
is confined to the top 20 feet (6.1 m). 
Figure 36 further indicates that the 
contaminants have migrated 
horizontally in the sediment beyond 
the limits of the saturated-paste 
extract data. Nevertheless, the 
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Possum site (mg/1). 

saturated- paste extract res u Its i II u st rate 
a significant reduction in contaminants 
laterally from the disposal pit. 

Contaminant Migration in Till 

The lithologic and hydrologic data 
from the Fossum site indicate that 
fractures in the till cause permeabilities 
several orders of magnitude greater 
than is indicated by the grain size of 
the till matrix (fig. 37). As a result, 
the groundwater flow velocity through 
these fractures is orders of magnitude 
greater than the velocity through the 
till matrix. The average linear velocity 
is determined by dividing the specific 
discharge (the hydraulic conductivity 
times the gradient) by the porosity 
(the fracture porosity is much less 
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and SO from growidwatcr al a depth of 60 
feet (181 m) below the surface at the Fossum 
site (mg/I). 

than the intergranular porosity). 
Grisak (1975) suggests values for 
frac_Jure porosity on the order of 2 x 
10- . With an average hydraulic 
conductivi!y from the Fossum site of 
1.8 x 10- cm/s, a gradient of 0.05 
(obtained from the October 1984 
potentiometric map), if nd a fracture 
porosity of 2 x 1 o- , the average 
linear velocity along the fractures is 
3.8 m/day (12.8 ft/day). The 
intergranular velocity calculated with 
the same gradient, an effective 
porosity of 0.10 and a hY-draulic 
conductivity of 5.0 x 10-9 cm/s 
(suggested by Grisar and Cherry 
{19l51), is 2.5 x 10- m/day (8.2 x 
10- ft/day). Although the groundwater 
velocity along the fractures is high, 
the quantity (or flux) of water is low 
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due to the small volume of pore space 
these fractures constitute. 

Several studies have been 
conducted on the migration of 
contaminants through fractured till. 
Experiments by Grisak and others 
(1980) demonstrated that diffusion in 
the till matrix is an important 
retardation mechanism. As the solute 
migrates along the fractures, solute 
concentration gradients between the 
groundwater in the fractures and the 
till matrix cause diffusion of these 
solutes into the matrix, and the low 
intergranular velocity in the matrix 
prevents any further significant 
migration. The retardation of contam­
inants migrating in the fractures, 
accompanied by the relatively low flux 
of water associated with fracture 
permeability, limits the potential for 
contaminant migration in the fractured 
tills. 



............ 

Vigure 37. Performing falling head tests at the Possum #4-
Willie Beal •cooling down• (-r F) between 
readings (January 4. 1985). 

Conclusions 

Fossum Federal #4 

1. The drilling fluid leachate is 
characterized as predominantly 
chloride and sodium with lesser 
amounts of calcium, magnesium, 
sulfate, and potassium. The NaCl 
content or the drilling fluid was 
estimated from the electric logs 
at between 55,000 and 130,000 
ppm. 

2. The majority of drilling mud at 
this site is buried below the 
water table. 

3. The earth resistivity surveys 
delineated an area of low 
resistivity ( 20 ohm-ft) which 
extends outward from the pit 
with an areal extent of 
approximately 100 x 200 feet 
( 30. 5 X 61 m) . 

4. Fractures in the till cause 
permeabilities several orders of 
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magnitude greater than is 
indicated by the grain size or 
the till matrix. The 
groundwater velocity through 
these fractures is estimated at 
12.8 feet/day (3.9 m/day) . 
Molecular diffusion within the 
tills, however, is an important 
retardation mechanism that 
reduces the concentration of 
the contaminants along the 
fractures with distance from 
the source. 

5. Leachate has migrated out of 
the buried drilling fluid 
resulting in contamination that 
extends laterally over an area 
of approximately 100 x 150 feet 
(30. 5 x 45. 7 m). Contamination 
was detected in the 
groundwater at a depth of 60 
feet below the disposal pits. 

6. Saturated-paste extract data 
and groundwater and porewater 
samples indicate that the 
majority of the contamination 
has migrated laterally in the 
zone directly below the water 
table. 

RECOMMENDATIONS 

Disposal of drilling fluids in 
glaciofluvial sediments in north-central 
North Dakota is not recommended. At 
the Winder! site, disposal in a 
glaciofluvial meltwater channel has 
resulted in widespread contamination 
and degradation of the Spring Coulee 
Creek Aquifer. Even if these pits are 
lined, fluid is pushed into unlined 
trenches during reclamation, which 
allows for infiltration through these 
permeable sediments. 

Murphy and Kehew (1984) suggest a 
reclamation procedure in which a 
synthetic liner is utilized to contain 
the drilling fluid, and compacted fill is 
mounded over the disposal pits to 



prevent leachate generation. In north­
centra I North Dakota, however, the 
water table is close to the surface, and 
portions of the disposal pits are 
commonly in the saturated zone. 
Leachate wou Id be generated by either 
vertical infiltration or horizontal flow 
through the buried disposal pits. 
Containment of this leachate would be 
dependent solely upon the integrity of 
the synthetic liner and careful disposal 
techniques that prevent movement of 
groundwater through the disposal pits. 
Because of the difficulties of ensuring 
proper disposal and the potential for 
widespread contaminant migration in 
these glaciofluvial sediments, this 
disposal method is also not 
recommended. 

The environmental impact from 
disposal of drilling muds in till is 
dependent upon the geologic setting. 
Results from the Fossum site 
investigation indicate that contaminant 
migration will occur in these tills 
th rough fractures. However, the 
contaminants are attenuated within a 
relatively short distance from the 
disposal pits. Nevertheless, numerous 
sand lenses were encountered within 
the till. These permeable lenses could 
provide avenues for migration of 
contaminants to nearby aquifers. A 
subsurface investigation should be 
conducted at each disposal site to 
identify all permeable strata in the 
areas and locate any nearby aquifers. 

Since 1984, some local operators 
have been transporting the drilling 
muds off site to central disposal sites 
located in western North Dakota. These 
sites are under the jurisdiction of the 
North Dakota State Department of 
Health's Division of Waste Management 
and Special Studies. The chemical 
analyses of the drilling mud must be 
provided to this agency for approval 
prior to disposal at this site. There are 
currently three central disposal sites 
operating in North Dakota (Tillotson, 
1987). 
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The advantage of consolidation of 
this waste is that the number of 
disposal areas is decreased, which 
allows for more efficient regulation. 
However, a major aspect that reduces 
the potential for more environmental 
problems resulting from drilling fluid 
disposal is the relatively low volume 
of waste associated with the drilling 
fluid reserve pits. The consolidation of 
these wastes will increase the 
potential for adverse environmental 
impact problems if improper disposal 
techniques are utilized. The state of 
North Dakota should carefully regulate 
these centralized disposal areas and 
require groundwater monitoring to 
ensure that leachate migration does 
not occur. 

PRESENT STATUS OF 
DRILLING FLUID DISPOSAL 

IN NORTH DAKOTA 

There are a number of methods of 
drilling fluid disposal that are being 
used throughout the oil producing 
regions of the United States (table 8). 
However, in the majority of cases, 
drilling fluid is buried on site. This is 
the cheapest (approx. $14,000.00) and 
fastest method of reclamation, 
although not always environmentally 
acceptable (EPA, 1986). 

The high chloride concentrations of 
Williston Basin drilling fluid make land 
farming impossible and chemical 
treatment difficult and expensive. 
Annular injection is difficult due to 
the high viscosity of the drilling fluid 
and can only be used in abandoned 
wells ( table 8) . 

The majority of reserve pits in 
North Dakota are reclaimed by the 
trenching method, i.e., a series of 
unlined trenches are constructed from 
the pit and the drilling fluid is pushed 
into them. This method is used 
regardless of whether the pit is lined 
or not. It is no longer an acceptable 



Table 8. Methods of drilling fluid 
disposal. 

DRILLING FLUIDS DISPOSAL METHODS 

ON SITE 
I ) BUR I AL ( Most common costs average oround *14,()()(}t>lt) 

A) Chemical fixation 
B} Solidification 

2) ENCAPSULATION (Alabama,Michigan and Utah) 

3) TRENCH I NG ( Phased out In Michigan) 

4) ANNULAR INJECTION (Only used where well is to 
be abandoned ) 

OFF SITE 
I) LAN Of ARMING (Hove to hove low ci-. wi<tespread in 

Texas, Colorodo ond Louisiana) 

2) INCINERATION 
3) CENTRAL TREATMENT FACILITY 
4) CENTRAL DISPOSAL SITE ( 2 In North Dakota, 

95 In Oklahoma) 

Source : EPA 1986 
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method of pit reclamation in Michigan, 
and it is the authors' opinion that it 
should be phased out in North Dakota. 

The results of this study and the 
previous work by Murphy and Kehew 
(1984) demonstrate that drilling mud 
can be buried on site at the majority 
of oil and gas wells in North Dakota 
without creating a major impact on 
the groundwater. The drilling fluid 
should be encapsulated and the site 
mounded to minimize leachate 
generation. 

There are a small percentage ( note, 
however, that 10 percent of 11,000 is 
1, 100 sites) of the total number of 
wells in North Dakota that are 
situated within environmentally 
sensitive areas, i.e., floodplains and 
glaciofluvial channels. In such 
settings, the drilling fluid should be 
removed to a central disposal site. 
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